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Abstract
The research presented in this dissertation generally involves aspects of molecular 
spectroscopy and contains two areas of focus. In the first section, the influences of 
organized media on the excited-state phenomena of intramolecular proton transfer (ESIPT) 
and photoisomerization have been investigated. Specifically, the photochemical properties 
of the novel ESIPT molecule 10-hydroxybenzo[h]quinoline (HBQ), as well as 2-(2’- 
hydroxyphenyl)benzazoles (HBAs), have been examined in the presence of cyclodextrins 
(CDs) and micelles using absorbance, steady-state, and time-resolved emission 
spectroscopies. Additionally, the influence of cyclodextrins upon the photoisomerization 
of trans-stilbene (TS) has been studied. Results from spectroscopic studies of HBQ and 
HBAs in organized media suggest reduced rates of radiationless transition of the excited 
tautomer states of these molecules. HBQ exhibits enhanced tautomer emission in both 
cyclodextrins and micelles through the formation of 1:1 complexes. Moreover, interaction
of HBAs with CDs (e.g., P- and methylated P-CDX) enhance both the ground and excited
electronic state (S0 and S,, respectively) intermolecular proton transfer (PT) of two of the 
HBAs (2-[2’-hydroxyphenyl]benzimidazole and -benzothiazole), while enhancing the S0 
state intermolecular PT and reducing the S! state PT rate of 2-(2’-hydroxyphenyl)- 
benzoxazole. Data obtained from induced circular dichroism and time-resolved emission 
studies are used to further suggest differences in the structural orientation of these 
molecules in the S0 and S, states, and the existence of zwitterionic tautomer species of 
HBAs, respectively.
In the case of trans-stilbene, a dual fluorescence is observed for the molecule in ternary 
aqueous solutions of y^cyclodextrin (y-CDx). The ternary component (cyclohexane or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
toluene) plays an active role in increasing the excimer emission of the molecule through the 
formation of ternary complexes that restrict the photoisomerization of trans-stilbene in the 
cyclodextrin cavity. The results from time-resolved emission and anisotropy studies
further support the formation of extended linear aggregates of trans-stilbene :y-CDx with
cyclohexane and toluene.
The second section of this dissertation concerns the development of rapid analytical 
assays for modified low-density lipoproteins (LDLs) using multidimensional stopped-flow 
(SF) spectrophotometric methods. Specifically, SF assays for lipid peroxides have been 
developed using triiodide and indigo carmine dye as chromophores. The data obtained are 
used to assess the suitability of these assays for modified LDLs.
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Chapter 1. 
Introduction to Organized Media & Spectroscopy
Molecular recognition is a diverse field that has experienced tremendous growth over 
the last three decades [1,2]. Research concerning this interdisciplinary area has been driven 
by investigations of noncovalent interactions between "hosts' and "guests” and the 
enormous potential of such interactions in the development of promising new applications 
in various fields of science. Specifically, organized media have been demonstrated to have 
a broad range of applicability in this capacity [3-8].
The term “organized media” generally refers to microscopically organized molecular 
assemblies that, in solution, have distincdy different properties from those of the bulk 
solvents [9-11]. These organized chemical media have the ability to manipulate the 
chemical and physical properties of guest molecules. Although some forms of organized 
media are naturally occurring materials (e.g., bile salts and cyclodextrins), the traits of 
these materials have been mimicked in recent years by synthetic host molecules which are 
capable of similar function. Such hosts include calixerenes, cyclophanes, and more 
recently dendrimers [12-14]. The various types of organized media are classified in Figure 
1. 1.
The two most common forms of organized media are surfactants and cyclodextrins. 
Both cyclodextrins and surfactants (surface active agents) are capable of incorporating 
molecules based on geometrical and hydrophobic considerations [15-16]. Furthermore, 
both forms of organized media have been demonstrated to perturb the photochemical and 
photophysical properties of molecules through guest-host interactions [17-20]. Because of 
these many advantageous properties, cyclodextrins and surfactants have been the subject of 
many investigations and review articles in the literature [20-23]. To fully understand the 
concept of guest-host interactions, however, it is first necessary to understand the chemical
1
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and physical nature of organized media. Thus, this section of Chapter 1 will highlight the 
chemical and physical structures of cyclodextrins and surfactants, as well as their various
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3modes of complexation. Some practical applications of organized media will also be 
discussed. The objective of this overview is to familiarize the reader with some of the more 
pertinent background information regarding organized media in preparation for the chapters 
that follow.
Part I. Cyclodextrins and Micelles 
STRUCTURES AND PROPERTIES
Cyclodextrins (CDs), sometimes referred to as Schardinger dextrins, cycloamyloses, or 
cycloglucans, are a class of oligosaccharide molecules formed from the interaction of 
Bacillus Macerans on starch. These molecules were discovered more than a century ago 
(i.e., 1891) by Villiers [21], but the first detailed account of their preparation and isolation 
was made by Schardinger in 1901 [22]. Cyclodextrins can be described as cyclic 
oligosaccharides formed by the linkage of individual glucopyranose units by a -(l,4 ) 
glycosidic bridges (Figure 1.2). These linkages, by nature of their C l chair confirmation, 
have a torus shape with the secondary hydroxyl groups located on the wider side of the 
molecule and the primary hydroxyl groups located on the opposite smaller side of die 
molecule (Figure 1.3). The interior of the cyclodextrin cavity contains rings of hydrogen 
atoms and a ring of glycosidic oxygens, thus giving the interior of the molecule a high 
electron density and high degree of hydrophobicity. Conversely, the exterior of the 
cyclodextrin cavity is hydrophilic. Conformational studies of CDs using proton nuclear 
magnetic resonance, optical rotary dispersion spectroscopy and x-ray crystallography 
support the formation of intramolecular hydrogen bonds between secondary hydroxyl 
groups on one side of the torus with glucose units [23-25]. It is believed that this 
intramolecular hydrogen bonding serves to reduce rotation of the glucopyranose units, 
increasing the structural rigidity of the molecules.
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Figure 1.2 The chemical structures of a -, {3-, and y  -Cyclodextrins.
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Figure 1.3 The cone shaped representation o f cyclodextrin molecules.
The most commonly employed cyclodextrins are known as a-, P-, and '^cyclodextrins 
which contain six, seven, and eight glucopyranose units, respectively. Larger CD mole­
cules containing 9 to 13 glucopyranose units have also been isolated (e.g., £, £, rj, and 0- 
cyclodextrins), but these molecules lack the rigidity and hence the selectivity of the smaller 
CDs. The high degree of steric hindrance for cyclodextrins containing less than six 
glucopyranose units makes their occurrence highly unlikely. Hie cavity diameters of a - ,  
P-, and y-cyclodextrin are approximately 5.9, 7.8 and 9.5 A , respectively. These 
differences in size allow the molecules to selectively incorporate hydrophobic guest
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6molecules through size and geometrical considerations. Furthermore, cyclodextrins are 
water-soluble, non-reducing, and relatively homogeneous materials. The important 
physical properties of the various cyclodextrins appear in Table 1.1.
The average bond distance between the 0(2) and 0(3) atoms of adjacent glucopyranose 
units for P-cyclodextrin (2 .86  A ) increases the strength of the intramolecular hydrogen 
bonding network for this molecule. Furthermore, the odd number of glucopyranose units 
(seven) seems to allow dimerization of the molecule in solution, thus decreasing its 
aqueous solubility relative to those of a -  and y-cyclodextrins. The 0(2)-0(3) bond 
distances for a-cyclodextrin, conversely, are the largest of the three cyclodextrins, 
weakening the intramolecular forces of the hydrogen bonds. Hence, a-CDx is the most 
flexible of the CDs in solution.
Cyclodextrin Derivatives. The many advantageous properties of cyclodextrins 
(e.g., ability to incorporate molecules, UV-transparency, solubilization ability) have led 
many researchers to explore the synthesis and development of cyclodextrin derivatives. 
These efforts have been more evident in the case of p-cyclodextrin which, although widely 
used, has limited widespread applicability due to its low aqueous solubility (1.85g/100 
mL). Thus,many derivatives of fJ-cyclodextrin have been prepared by substitution of the 
primary and secondary hydroxyl groups with different groups [26]. Usually, 
monosubstituted 6 -0 -p-toluenesulfonyl-cyclodextrin is used as a starting material in the 
preparation of cyclodextrin derivatives, although the starting materials can be varied as to 
the desired products. Many authors have reported the synthesis of heptakis-(2,3,6-tri-0- 
methyl)-|3-cyclodextrin and heptakis-(2 ,6 -di-0 -methyl-)-p-cyclodextrin from interaction of 
6 -O-p-toluenesulfonyl cyclodextrin with methyl iodide and sodium hydride, dimethyl 
sulfate, and methyl iodide and silver [27-28]. Methylation of cyclodextrins involves either 
all C2  secondary and C6  primary hydroxyl groups, or all the hydroxyl groups at positions
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7C2, C3, and C6 . The respective water solubilities of the Di- and Tri-methylated derivatives 
are 57 and 31 g/100 mL [29]. Iwakura et al. [30] reported the synthesis of 3-0- 
monohystarainyl-a- cyclodextrin via the B-iodo-S-deoxy-a-cyclodextrin derivative. This 
molecule finds application as an enzyme modeL Both heptakis-(6-amino-6-deoxy)-0-
Table 1.1_________ The physical properties of a - , ft-, and y-C yclodextrins
Properties a-CDr 0-CDx Y-CDX
# glucose units 6 7 8
molecular w l  (g ) 972 1135 1296
cavity diameter (A) 5.7 7.8 9.5
height (A) 7.8 7.8 7.8
solubility in H , 0 14.5 1.85 23.2
(g/100 mL)
cyclodextrin and heptakis-(6 -O-raethylamino-6 -deoxy)-0 -cyclodextrin have been found to 
have application as cholesterol level depressants [26]. Hydroxypropylation of cyclodextrins 
leads to the formation of heterogeneous products with various degrees of substitution [29]. 
These derivatives have amorphous structures with water solubility of more than 50 g/100 
mL at 25 °C [29]. Ethyladon of cyclodextrins, however, leads to well-defined products 
(e.g., di- and triethyl cyclodextrins) with extremely low water solubilities (i.e., 5.0 xlO' 3  
and 1.8 x 10' 3 g/100 mL). Branched cyclodextrins such as glucopyranosyl a -  and 0- 
cyclodextrins have high water solubilities (-100 g/100 mL). Similarly, cyclodextrin 
polymers with molecular weights in the range of 3000-6000 g are highly soluble in water, 
whereas those with much higher weights form insoluble gels.
M etabolism and Toxicity o f CDs and CD Derivatives. Natural cyclodextrins, 
similar to starch materials, are hydrolyzed in the colon after oral ingestion. The order of the
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8extent of internal digestion is as follows; a -  to [3- to y-, with incomplete degradation of a -  
CD in the gastrointestinal tract Both a- and ^-cyclodextrins are capable of being absorbed 
in the small intestine [29,31]. Oral ingestion of cyclodextrins leads to known acute effects. 
Furthermore, long term ingestion of the molecules causes no significant changes in 
biological organs. Parenteral administration, or injection of |}-cyclodextrin solutions, 
however, results in ulceration and has been known to have toxic effects on the kidneys and 
in the bloodstream. However, y-cyclodextrin, which is more highly water soluble than Gl­
and ^-cyclodextrin, is not nearly as toxic as these CDs when administered parenterally.
Cyclodextrin derivatives, due to their varied degree and type of substitution, are not 
metabolized at all. Long term oral administration may have unfavorable effects on a 
person’s weight and lipid metabolism due to the ability of the CD derivatives to complex 
other molecules in the digestive tract [33]. Both hydroxypropyl- and hydroxyethyl- 
cyclodextrins are less toxic of the CD derivatives, whereas methyl cyclodextrins are more 
toxic.
Structures and Properties of S u rfac tan ts . Surfactants, or “surface active 
agents,” are amphiphilic molecules that possess polar or hydrophilic head groups and long 
non-polar or hydrophobic tails. Although it is difficult to trace the history of surfactants, 
natural surfactants such as soaps are known to have existed as early as 600 B.C.. The first 
surfactants for general application were developed during World War I in Germany to 
subsidize the shortage of available animal and vegetable fats [34]. Surfactants can be 
generally classified as anionic, cationic, nonionic, or zwitterionic, depending upon the 
nature of the hydrophilic head groups. The hydrophobic tail groups are usually long chain 
hydrocarbon radicals, but may also be alkylbenzenes (C8-C15C6 H4 ) or high molecular 
weight polyoxypropylene glycol derivatives [35]. Above a characteristic temperature
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9known as the Kraft temperature (Tk)> and above the critical micelle concentration (CMC), 
surfactant monomers are able to dynamically associate to form micelles. Micelles are 
spherical aggregates consisting of numerous surfactant monomers. The mechanism of 
micelle formation is depicted in Figure 1.4. In aqueous solutions above the Tk  and CMC, 
micelles form such that the hydrophobic tails of the surfactant monomers are directed 
inward, while the more hydrophilic head groups are oriented outward toward the bulk 
solvent, or an area known as the Stem layer. The region consisting of the high density of 
hydrophilic head groups is known as the Guoy-Chapman double layer. This double layer 
region separates the hydrophobic core of the micelle from the bulk aqueous phase as 
illustrated in Figure 1.5. Solutions of micelles are heterogeneous at the microscopic level, 
i.e., the systems exist in dynamic equilibrium with the dissolved surfactant monomers 
[36]. The number of surfactant monomers contained by a micelle is known as the 
aggregation number (N). Typical micelles contain anywhere from 60 to 100 surfactant 
monomers. The names and micellar parameters of common surfactants appear in Table 1.2.
The formation of micelles is believed to be due to primary intermolecular forces. These 
forces include van der Waals interactions between the alkyl chains, hydrophobic repulsion 
between the aqueous solvent and hydrocarbon chains, and electrostatic repulsion of the 
ionic head groups [37]. Specifically, when surfactant monomers are dissolved in some 
solvent, the hydrophobic head groups distort the structure of the liquid solvent, thus 
increasing the free energy (AGJ of the micellar system. When AGS is increased, the work 
required to transport a surfactant monomer to the surface or interface is decreased [38]. 
Surfactant monomers are thus able to concentrate at the interface and undergo micellization 
to decrease AGS. The work required per unit area to form the micellar interface is defined 
as the surface tension (y) of the system and is reported in units of millimeters per meter or 
dynes/centimeter (dynes/cm).
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Table 1.2 Characteristics and parameters of common surfactants
SURFACTANT C M C ' (M)r A G G REG A TIO N
NUMBER'
Anionic
Sodium Dodecyl Sulfate (SDS) 
CHjCCH^OSCVNa*
0.0081 62
Cationic
Cetylmethylammonium 
Bromide (CTAB) 
CH3(CH2)15N+(CH3)3Br
0.0013 78
N on-Ionic
Polyoxyethylene(23) dodecanol 
(Brij-35)
CH3(CH2)ll(OCH2CH2)23OH
0 . 0 0 0 1 40
Zw itterionic
N-dodecyl-N,N-dimethylammonium- 
3-propane-1-sulfonic acid (SB-12)
0.003 55
Reversed
Bis(2-ethylhexyl) sodium 
sulfosuccinate (AOT) 
N a0 3SCH(CH2COOCgHl7)COOCgHl7
0.0006 *u
*u-not defined
x- represents the critical micelle concentration
T- values represent the critical micelle concentration estimated at 25 °C using 
various methods.
z- represents the number of surfactant monomers needed to form micelle.
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Research performed by Hartley [39] and Dill [40] has done much to shape the current 
understanding of micellar structure. Structural studies of micellar systems using NMR, 
13C-NMR, and fluorescence spectroscopy [6 , 10, 41-42] support the notion that water 
penetrates the micelle, creating a system that could be described as a mixed aqueous- 
organic solvent. Other research of unperturbed micelles using low-angle neutron scattering 
and interphase theory experiments [41-42] tend to support the idea that the micellar core is 
water free with random distribution of the micellar chains dictated by steric interactions. 
Although the actual structure of micelles is an issue still under debate, there is little doubt 
that micellar dynamics have profound implications with respect to analytical chemistry.
Micellar dynamics have had a huge effect on analytical schemes due to their ability to 
organize reactants on a molecular leveL Specifically, micelles have inherently advantageous 
properties for use in areas of analytical chemistry. These advantages include: (1) the ability 
to alter and affect chemical equilibria; (2 ) ability to perturb chemical and photochemical
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pathways; (3) to affect the microenvironment of associated solutes; (4) to affect quantum 
efficiencies of molecules, and lastly, (5) the ability to manipulate reactants/analytes through 
solubilization or compartmentalizadon [41]. Moreover, similar to cyclodextrins, micelles 
are relatively inexpensive, optically transparent, and inactive with respect to photochemical 
processes. Some types of micelles are fairly non-toxic, further extending the utility o f the 
molecules in other industries.
Reverse M icelles. Some surfactant molecules are capable of forming micelles in 
non-polar solvent systems by incorporating water into a hydrophilic compartmenL Such 
systems are known as reverse micelles. Upon dissolution of surfactant monomers of
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reverse micelles in apolar media, the hydrophilic head groups and counterions take on an 
inward orientation when coming into contact with a small aqueous region, thus becoming 
hydrated. The hydrophobic tail groups extend outward into the apolar solvent. In the 
presence of low concentrations of water, the water molecules become incorporated into the 
hydration region created by the head groups and counterions, which is different from the 
microenvironment of the bulk phase. In the presence of higher concentrations of water, the 
microenvironment of the reverse micelles becomes increasingly hydrophilic due to the 
increased number of free water molecules in the system. Examples of surfactants which 
form reverse micelles are dodecyl ammonium propionate (DAP) and sodium diisooctyl 
sulfosuccinate (AOT). The cross-section of a reverse micelle is illustrated in Figure 1.6.
Although reverse micelles are more complex than normal micelles, they can still be 
characterized by cmc values and aggregation numbers. These systems can further be 
characterized by their R value, which is the ratio of the concentration of water to surfactant. 
The dimensions of reverse micelles are on the order of those of normal micelles, but also 
depend heavily upon the characteristics o f the surfactant and the amount of water 
solubilized at the core of the micelles. AOT micelles, for example, have typical 
dimensions ranging from 1.5 to 8  ran in heptane, depending upon the concentration of 
water in the system. [42]. Increased concentrations of water in solutions of reverse 
micelles eventually results in the formation of water in oil microemulsions.
M icroem ulsions. Microemulsions are defined as aggregates containing some 
hydrocarbon solvent, water, a surfactant, and a co-surfactant which is usually an alcohol 
containing an alkyl group (e.g., C4  to Cg). Microemulsions are typically classified as 
homogeneous dispersions of oil in water (O/W) or water in oil (W/O) [10]. The two types 
of microemulsions are illustrated in Figure 1.7 (a and b). CHI in water emulsions possess 
large hydrocarbon cores, providing highly hydrophobic environments for dissolution of
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hydrophobic molecules upon aggregation [3,10]. Conversely, water in oil emulsions 
contain an aqueous core similar to reverse micelles. Microemulsions, like reverse micelles, 
are much more complex than normal micelles and have thus not received much attention in 
terms of characterization. Hence, phase diagrams are usually required to form some 
understanding o f these systems, as well as in the selection of the systems with the desired 
experimental properties. Typical microemulsions have sizes ranging from 5 to 100 nm and 
have a spherical shape resembling that of normal micelles (Figure 1.7). The systems are 
optically transparent and isotropic due to their size and molecular disorder. Furthermore, 
due to their larger cores, microemulsions can incorporate large organic molecules.
Inclusion Com plexes Involving O rganzied M edia. Although cyclodextrins 
and micelles possess distinct chemical and physical properties, both forms of organized 
media are capable of forming inclusion complexes with guest molecules. Inclusion 
complexes can be defined as molecular compounds in which the one molecule (guest 
molecule) is spatially contained by another molecule (host molecule, e.g. CDs or micelle). 
The "included" guest molecule is usually oriented within the cavity of the host molecule in 
an energetically favorable manner (i.e., manner which minimizes effects to the overall 
structure of the host). A characteristic of such media is their ability to essentially maintain 
the size and geometry of their respective cavities, allowing for slight deformations. Both 
CDs and micelles are capable of interacting with a wide variety of molecular and ionic 
species through host:guest complexation. These host:guest interactions usually permit 
maximum or partial exposure of the guest molecule or analyte to the hydrophobic core of 
the organized media. Thus, for host:guest interactions to occur, several criteria must be 
met: (1) guest molecules must have the appropriate size and geometry relative to the cavity 
dimensions of the host; and (2 ) there must exist some level of compatibility between the 
hydrophobicities o f the guest and cavity of the host [26]. Specifically, with respect to
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micelles, the nature (i.e., charge type) and carbon chain length of the surfactant are also 
important factors which influence the extent of association between host and guest
Binding Forces for Inclusion Com plexation w ith O rganized M edia. The 
ability of organized media to act as host molecules is due to the contribution of several 
intermolecular forces such as hydrogen bonding and van der Waals or London dispersion 
forces. Hydrogen bonding is a form of dipole-dipole attraction usually involving interaction 
between a hydrogen atom and another very electronegative atom resulting in strong dipole- 
dipole forces. These interactions have typical magnitudes of ranging from 10-40 kJ/mol 
[43]. Van der Waals, or London dispersion forces, are very weak intermolecular forces 
which occur between two induced dipoles.[43] The driving force for van der Waals
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interactions involves polarizability, which is a measure of the extent of distortion of the 
electron clouds of a molecule induced by some external electric charges. Molecules with 
large masses contain greater numbers of electron clouds and can thus be polarized more 
readily. When two nonpolar molecules approach one another, the attraction and repulsion 
between the nuclei and electrons of these molecules can lead to possible distortions of their 
respective electron clouds [43]. This arrangement produces momentarily induced dipoles in 
molecules which are in close proximity, further leading to weak intermolecular attractions 
(0.5-40 kJ/mol) [43].
In the case of inclusion complexes involving cyclodextrins, hydrogen bonding and van 
der Waals forces are themselves too weak to establish stable molecular complexes. Thus, 
other factors play a crucial role in complexation with CDs. These other factors suggest that 
water is crucial to the formation of CD inclusion complexes, and include (1) hydrophobic 
interactions, (2 ) the release of high energy water molecules from the cyclodextrin cavity 
upon substrate inclusion, and (3) lessening of conformational strain in the cyclodextrin- 
water adduct [44]. Hydrophobic interactions involve decomposition of water near the 
apolar host molecules upon inclusion, with subsequent inclusion of the liberated molecules 
by the bulk water [45]. Experimental evidence from kinetic studies [46] has revealed that 
the rate determining step for inclusion complex formation involving CDs is based on this 
decomposition of water near the proximity of, and/or within the CD cavity [45]. Because 
this activity is accompanied by an increase in the degree of freedom of water molecules, the 
overall energy (i.e., entropy S° and enthalpy H°) of the system is modified. The water 
molecules, when included within the CD cavity, cannot form strong hydrogen bonds due to 
interference from the glucopyranose ring of cyclodextrins. Thus, these water molecules are 
considered "enthalpy rich" [44]. Release of the enthalpy rich molecules results in changes 
in enthalpy and entropy of the CD inclusion system. This activity has been supported by
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X-ray crystallography studies of ^-cyclodextrin [47]. The stability o f CD inclusion 
complexes is also a function of the hydrophobicity of the guest molecule, and is considered 
to be proportional to the apolar character of the included molecules [26].
Lastly, minimization of conformational strain is regarded as a primary binding force for 
cyclodextrins, particularly for a-cyclodextrin-water systems. Using X-ray crystallography 
studies, Saenger et al. [48] have shown that most a-cyclodextrin adducts possess an 
unstrained hexagonal confirmation, with the exception being the a-cyclodextrin-water 
adduce In water, the macrocyclic ring of a-cyclodextrin is believed to be highly distorted 
and unstable. The extent to which this force contributes in the formation of a-cyclodextrin 
inclusion complexes is still not known, however.
A number of factors influence the magnitude of binding constants and/or entrance/exit 
rate constant ratios o f analytes with micelles. The interaction of water with micelles is 
highly dynamic and stoichiometrically undefined [49]. It is known, however, that water is 
crucial to the formation of micelles. The process of micellarization favors arrangement of 
monomers such that unfavorable interactions between water and hydrophobic groups are 
minimized. This arrangement appears to be the driving force of micelle formation and has 
been demonstrated experimentally using lH chemical shifts, relaxation rates, and self­
diffusion coefficients of water [50-52]. These experimental indices are observed to 
increase at higher rates below the cmc as compared to above the cmc for a surfactant 
system. The amount of water associated with a micelle as a kinetic entity can be 
quantitatively defined using the micelle hydration number. These parameters all contribute 
to the formation of micelles as well as to the strength of association of an analyte with a 
particular micelle. Similar to cyclodextrins, analytes that are extremely hydrophilic typically 
remain in close proximity to the bulk solvent layer, experiencing minimal micellar effects
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through complexation. Anionic analytes maybe attracted by cationic or repelled by anionic 
micelles, with the inverse true for cationic analytes. Thus, analyte and reagent charge type 
and polarity are important considerations. System pH and ionic strength also influence the 
association of analytes with micelles. Adjustments in pH can alter the form of a particular 
analyte and may increase or decrease the strength of association with the micelle. 
Increasing the ionic strength of micellar solutions typically results in the formation of larger 
micelles due to improved screening of the electrostatic repulsion between head groups [42]. 
Such effects serve to change the amount of time the analyte resides in or on the micelle.
Com plex E quilibria and Therm odynam ic Param eters o f CD Inclusion  
C om plexes. The formation of inclusion complexes between guest molecules and 
cyclodextrins in solution is considered to be a dynamic equilibrium process which can be 
described using the following relationship:
CD + G “  CD-G ( 1 .1 )
where CD, G, and CD-G represent the cyclodextrin, guest molecule, and inclusion
complex, respectively. The stability of the inclusion complex formed (CD-G) can be
described by the association constant (Kf) or dissociation constant (K<j), as shown in
equations (1.2) and (1.3), respectively:
K = [CD-G] 
f ([CD][G]) ( 1 .2 )
K _ J _ = ([CD][G])
Kf [CD-G] (L3)
where [CD], [G], and [CD-G] are the equilibrium concentrations of the cyclodextrin, 
guest, and inclusion complex, respectively. The association constant (Kf) is usually 
expressed in units of M' 1 (L/mol). Association constants can be determined 
spectroscopically using both the Scott and Benesi-Hilderbrand relationships [26] by
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monitoring changes in spectral intensity upon adding cyclodextrins. The Benesi- 
Hilderbrand method will be discussed in greater detail in Chapter 2.
Although equation 1.1 depicts a 1:1 stoichiometric ratio between the cyclodextrin and 
the guest, 2:1 or 1:2 cyclodextrin:guest complexes may also be formed. For a 2:1 inclusion 
complex, the equilibria are represented as:
2CD + G ■— - CD-G + CD ~ CD2G (14)
Such a complex has been observed for the methyl-orange-a-cyclodextrin interaction [53]. 
The 1:1 and 2:1 complexes are rationalized in terms of two isosbestic points observed in the 
absorbance spectra of methyl orange upon addition of a-cyclodextrin. Such complexes 
usually occur for guest molecules that are too large to be totally included by one CD 
molecule. The unincluded portion of the guest molecule may thus be included by a second 
CD molecule, provided the size and geometrical considerations are compatible.
The intermolecular forces discussed in the previous section can be considered to act 
simultaneously to different extents to influence inclusion complex formation. Matsui et al. 
[43] have thus postulated that the total free energy change (AGt°) upon formation of 
inclusion complexes with CDs is the sum of the free energy changes of all the forces 
discussed such that:
AGt° = AG°hp + AG°vdw + AG^t + AG0** + AG°rcs (1,5)
where AG°bp is the free energy due to hydrophobic interactions, AG°Vdw that of van der 
Waals interactions, AG°hb hydrogen-bonding, AG0*,* the relief of high energy water, 
and AG°rcs the relief of conformational strain. For the complexation of a particular 
cyclodextrin with different guest molecules, the equation reduces to
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AG° = AG°hp+-AG0^ +•AG°hb + AG°lttr+■const q  ^
where AG°alec and AG°ster represent polar interactions and London dispersion forces, 
respectively.
Therm odynam ics of M icellar S o lub ilization . The association of solutes with 
micelles can be characterized using similar equations involving dynamic equilibria. The 
binding constant of a solute with micelles can be generally expressed using the following 
equations:
K
r  -.-M - -  ■ -  MC
K =
(1-7) 
[MC]
([C][M]) ( 1 .8 )
with M, C, and MC representing the micelle, solute, and micellar complex, respectively, 
and [C] and [MC] the analytical concentrations of the solute and the micellar complex. 
Micelle formation can be expressed by the following equilibrium between surfactant 
monomers S and micelles M[54]:
Kn
nS —— -  M (1.9)
where Kn represents the equilibrium constant of micelle formation and n the aggregation 
number. The equilibrium constant (Kn) for micelle formation is quantitatively expressed
as:
K =  ^
[S P  (1.10)
with [M] and [S] representing the analytical concentrations of the micelle and the monomer, 
respectively. This relationship simplifies the micellar system by assuming monodispersity 
for the polydisperse systems. Unlike cyclodextrins, however, micellar complexes are 
believed to form through stepwise association between the solute (C) and the micelle [M] as
follows:
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Ki
M + C M Q  (1 U )
K2
MQ ^  M Ca (1.12)
kT
M Q-i +R  . r  M Q (1.13)
where MQ represents the micelles associated with i molecules o f solute, and Kj the 
stepwise association constant of MCi and solute molecule. The equation above can be 
simplified to a single equation relating the micellar equilibrium to stepwise association with
solutes [54]:
(1.14)
where K, is used as an index of micellersolute interaction. This equation allows the 
determination of the concentration of any species in the micellar system provided the values 
Kn and Kj are known [54]. Thus, for the most common micellansolute system, Kn and Kj 
characterize the thermodynamics. Although other thermodynamic models exist for more 
complex micellansolute systems (e.g., microemulsions and reverse micelles), the 
discussion of micellizadon presented in this dissertation will focus on the model thus 
presented.
Preparation and C haracterization o f Inclusion Com plexes in O rganized 
Media. Procedures for the preparation of host:guest complexes involving organized media 
have varied from experiment to experiment, as well as from the type of host and guest 
employed by each experimentalist. A commonly reported procedure in the literature 
describes the dissolution of the guest analyte in an aqueous solution o f the specific host 
[55]. The required amount of the analytes or guest molecules, however, are usually too 
small to be weighed accurately. Thus, preparation of the analytes in some organic solvent
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is usually required followed by evaporation of an aliquot of this stock solution. The 
residue is then diluted with the appropriate amount of aqueous host solution. Other sample 
preparation procedures include mixing a constant volume of aqueous analyte solution with 
the cyclodextrin or micellar solution, or dissolution of the host in an aqueous solution of 
the analyte. In some cases, equilibration of the hoscguest solution is required for adequate 
formation of an inclusion complex. With respect to micelles, in some cases, the detergent 
concentration must be maintained above the cmc to ensure micellar formation, and hence, 
inclusion complexation.
Aqueous solutions of inclusion complexes can be analyzed using many spectroscopic 
techniques. Commonly, changes in the absorbance and/or fluorescence properties of guest 
molecules in the presence of cyclodextrins and micelles have been used to examine the 
formation of inclusion complexes. Specifically, the ability of both cyclodextrins and 
micelles to shield the excited singlet state of compounds upon inclusion has been utilized in 
this capacity. Hinze et al.[4] utilized micelles to enhance the fluorescence intensities of 
organic molecules by factors ranging from 1 to 43. Circular dichroism can be used to 
indicate the formation of inclusion complexes with CDs. Due to the chiral centers, CDs can 
induce chirality into otherwise achiral compounds upon complexation. NMR studies can 
also be used to gain more specific information concerning the location and orientation of 
molecules with respect to the CD cavity. Room temperature phosphorescence is another 
technique that can be utilized to indicate complex formation involving organized media. 
Detailed application of organized media in aspects of analytical chemistry will be discussed 
in subsequent sections.
The ability of cyclodextrins and micelles to form inclusion complexes with a wide 
range of analytes makes these molecules useful in a number of areas. The vast practical 
applicability of organized media is evident by the numerous patents involving these
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materials. Additionally, many forms and types of organized media have been used in areas 
of industry as well as analytical chemistry. This section of Chapter 1 will highlight some 
of these practical and analytical applications in more detail.
APPLICATIONS OF CDs AND MICELLES IN INDUSTRY
Natural cyclodextrins can be incorporated as additives in various food products due to 
their encapsulating ability. In the food industry, CDs have been used in separations to 
remove caffeine fron tea [56]. In some cases, the formation of cyclodextrin inclusion 
complexes can be used to mask the odor of certain foods. This has been demonstrated by 
using CDs as additives for fish and other nitrogen containing food products [57]. The CD 
additives can also be used as a preservative, thus increasing the stability of certain food 
ingredients. For example, (i-cyclodextrin minimizes the degradation of rice products, 
lessening the odor developed by the products during storage [58]. Similarly, CDs have 
been used to protect food ingredients in fruits and spices from environmental effects of 
light, oxygen and heat. Transformation of spices and fruit flavors into powders using CDs 
increases the stability of these products when subjected to the rigors of industrial food 
processing, with higher shelf life than their liquid counterparts [59-61]. Szejtli [62] has 
used (3-cyclodextrin to encapsulate common oils used in the food industry. By 
microencapsulation of oils such as sage, raspberry, lemon, cinnamon, garlic, and onion, 
odorless powders with minimized hygroscopicity can be obtained. The powdered oil also 
exhibited more stability than the normal oils, losing less than 5% of their active ingredients 
after a two-year period [29]. The microencapsulation of liquids has also been 
accomplished using natural CDs in the food industry. Vinegar and other liquids, for 
instance, have been prepared in powder-form from CDs to produce food products with 
enhanced flavor [63-65].
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In their most common forms, surfactants and/or micelles find very little, if any use in 
the food industry due to the toxicity of some o f the polar head groups and counterions used 
in these molecules. Micelles find many more applications, however, for cosmetology and 
cleaning purposes, both of which will be explored in the following section.
A pplications in  Cosmetology In d u strie s , hi cosmetology, both CDs and 
surfactants find many applications. The CDs are capable of encapsulating volatile 
substances (e.g., malodorous products) and can thus be used in liquid body deodorants 
and breath fresheners to trap unpleasant odors [29]. Moreover, CDs can form complexes 
with fatty acids and have thus been used as additives in products to treat acne [29].
Surfactants, commonly known as soaps, have been used as cleaning agents due to the 
inherent differences in the two ends of the surfactant monomers. The hydrophobic chains 
and hydrophilic head groups of micelles increase the affinity of these molecules for grease 
and water. Grease and dirt substances become soluble in water when they come into 
contact with the hydrophobic tail groups of the micelles. Hence, many surfactants are also 
referred to as detergents and are used in common laundering products and household 
cleaners. Anionic detergents are most commonly used in home cleaning and laundry 
products, whereas cationic detergents find use in fabric softeners and disinfectant soaps. 
Nonionic surfactants have low-sudsing qualities and are more effective cleaning agents at 
low temperatures [6 6 ]. Detergents contained in household cleaning products are usually 
composed of surfactants with unbranched hydrocarbons so that the materials are 
biodegradable.
Combinations of CDs and micelles are often used in formulating products in the 
cosmetology industry. The CDs, for instance, are often used as defoaming agents in 
detergents, to control sudsing through encapsulation of detergent molecules. Cyclodextrins 
are also used as additives in rinsing waters to fix traces of detergents and minimize water
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consumption. Cosmetic products often contain high concentrations o f emulsifying agents 
and perfumes, which can have irritating side effects. Cyclodextrins can be used in this 
regard to decrease the undesirable effects o f such agents in shampoos. Similarly, body 
lotions are generally marketed as clear compositions containing small amounts o f water and 
water astringent substances. Some lotions, however, contain liposoluble substances and 
require micellar additives to maintain the clarity of the material. While these micelles 
increase clarity of the lotions, their presence in large concentrations increases the potential 
side effects of the formulation. To minimize such effects, cyclodextrins containing 
vitamins (e.g., vitamin E) can be used in body lotions [29]. The cyclodextrins also serve 
to increase the stability of liposoluble vitamins (e.g., vitamin A, K, E and D) in other 
formulations.
A pplications in Environm ental In d u strie s . Cyclodextrins have received 
considerable attention concerning the improved stability of insecticides. For example, 
pyrethroids are excellent insecticides due to their low toxicity to humans and high 
effectiveness. The molecules are, however, susceptible to effects from UV-light and 
oxygen. In regard to this problem, P-cyclodextrin has been used to stabilize pyrethroids 
through inclusion and have been used to treat tea plantations and rice paddies in Japan [29]. 
Inclusion of methyl parathion, another insecticide characterized by rapid decomposition, by 
P-cyclodextrin has been demonstrated to improve the stability of the insecticide [29]. The 
liquid insecticide 0,0-dimethyl-2,2-dichlorovinylphosphate (DVPP), which is highly 
flammable and volatile, can be stabilized upon inclusion by CDs with sustained 
effectiveness [29]. Pesticides which usually have low water solubilities, can be 
solubilized by CDs, creating a hydrophylic compound that is more effectively absorbed by 
insects. Insoluble fungicides are also solubilized upon association with CDs [29].
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The use of CDs has also been explored in the development o f new analytical methods 
for environmental analysis. Specifically, the application of CDs in the analysis of 
polyaromatic hydrocarbons has received considerable attention. Recently, Butterfield et al.
[67] have utilized solid CDs to develop an extraction procedure for volatile polyaromatic 
hydrocarbons (PAHs) in air. The solid CDs are demonstrated to form complexes with the 
highly carcinogenic PAHs in the vapor phase, thus reducing their volatilities. Husain et al.
[6 8 ] have developed a  procedure using CDs to separate different PAHs. Organic modifiers 
are used to enhance the separation of the PAHs by (3- and ycyclodextrin through increased 
partitioning of the analytes in the chromatographic system. Lastly, Elliot et aL [69] used a 
microemulsion system containing CDs to develop a size-selective extraction procedure for 
PAHs. The extraction of the PAHs was achieved through precipitation and extraction.
Organized surfactant systems have found similar applications regarding environmental 
issues. Cline-Love and Weinberger used micelle-stabilized room temperature
phosphorescence [MS-RTP] for analysis of PAHs. Aqueous sodium dodecyl sulfate (SDS) 
solutions have been used in this capacity to induce significant MS-RTP for naphthalene and 
phenanthrene [70]. Liquid-liquid extraction procedures utilizing  micellar systems and 
organic solvents have been used to separate organic species in river waters. Another 
special environmental application of micelles concerns solar energy conversion. 
Researchers are continually exploring the use of solar energy in the form of photochemical 
redox reactions to split water molecules into hydrogen and oxygen [71]. Such techniques 
would allow unlimited supplies of nonpolluting energy. It appears that micelles are capable 
of separating charges required to maintain the reactive intermediates for sufficient energy 
use. Although the micellar systems are far from practical, the concept of molecular 
organization in solar energy conversion is being considered for other systems including 
vesicles, emulsions, and colloidal semiconductors [72].
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A pplica tions in  the  P h a rm aceu tica l I n d u s t r y .  The numerous advantageous 
properties of cyclodextrins and micelles makes their pharmaceutical applications ideal. CDs 
are often used to increase the water solubility of poorly soluble drugs. For example, 
flurbiprofen has been shown to have increased solubility when included in p- and y- 
cyclodextrins [29]. The formation of cyclodextrin inclusion complexes can also be used to 
mask the irritating taste of some pharmaceuticals. The use o f P-cyclodextrin, for example, 
reduces the irritating effects of pirprofen, ibuprofen, and flurbiprofen to the throat [29]. 
Hydroxypropyl- P-cyclodextrin derivatives, which are less toxic to the blood, have been 
explored for use in parenteral administration of drugs. For instance, the anticancer drug L- 
phenylanaline mustard (melphalan), which is used in treatment of breast and ovary 
carcinoma, has low water solubility. Inclusion of the drug with P-cyclodextrin, however, 
greatly improves the solubility and stability o f the drug [73].
Another important objective in the pharmaceutical application of cyclodextrins involves 
increased bioavailability of active pharmaceutical agents [29]. In order to increase the 
bioavailability of certain drugs, the inclusion complex formed with CDs must be 
moderately water soluble, but must also have a low stability constant. For molecules to be 
effectively absorbed through lipophilic membranes, they must be able to readily shed the 
cyclodextrins through dissociation. This objective has been realized for pharmaceutical 
active agents such as ketoprofen, digoxin, and the barbiturates barbital and phenobarbital 
[70-72]. CD derivatives such as di- and tri-methyl-p-cyclodextrins can also be used in this 
capacity.
Micelles have been used in attempts to stabilize drugs. Specifically, vesicles are being 
investigated for use in stabilizing drug formulations, drug delivery to specific regions in 
vivo, and drug release [8 ]. Some of these efforts have also involved the design of vesicle 
systems which can serve as mimics of biological membranes. Such vesicles are more
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complex than surfactants and usually are composed of synthetic detergents and 
phospholipids. Because vesicles are more stable than micelles, they are better able to 
interact with different substrates. Moreover, vesicles form spherical bilayers with large 
diameters (i.e., 2 0  to 1 0 0  nm), which are better able to isolate reactants and serve as 
efficient drug-receptor vehicles [8 ].
Part II. Principles and Applications of Spectroscopy
The unique properties of organized media such as cyclodextrins and micelles make 
these supramolecular components widely applicable in many aspects o f analytical 
chemistry. Specifically, the interest in spectroscopic studies involving organized media has 
grown over the last three decades due to the desire to utilize such media in analytical 
methodologies. Organized media can be considered to be “microheterogeneous” because of 
their heterogeneous nature at the microscopic level [73]. Furthermore, the nature of 
organized media such as CDs and micelles is such that they possess distinct polar and 
apolar domains which facilitate the organization of structures at the molecular level. 
Moreover, due to their microheterogeneity, solutions of organized media are transparent, 
thus minimizing scattering problems often encountered in spectroscopic and photochemical 
investigations. Hence, the advantageous properties of organized media have greater 
implication with respect areas of spectroscopy (e.g., photochemistry) and has been the 
subject of extensive reviews [73].
This section of Chapter 1 provides an overview of some of the significant spectroscopic 
techniques used in the analysis of systems of organized media, as well as the significance 
of cyclodextrins and micelles in spectroscopic studies. The principles of some of the major 
spectroscopic methods are highlighted along with some of the pertinent areas of research 
involving organized media.
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UV-VISIBLE SPECTROSCOPY
The technique of UV-visible spectrophotometry is based upon the transmittance and 
absorbance of radiation by molecules. When a solution of molecules is brought into 
contact with an incident beam of radiation (P0), the photons of the light will interact with 
these molecules. The transmittance (T) of the solution is defined as the fraction of incident 
radiation transmitted by the solution expressed as:
where P0 and P represent the incident and emergent radiation beams, respectively. The 
absorbance (A) of a solution is defined as the amount of light absorbed by the solution, 
which is expressed as:
The absorbance of a solution is directly proportional to the concentration (c) of the 
absorbing species and the pathlength (b) of light through the solution of the absorbing 
molecule(s):
where e is the molar absorptivity of the system, which defines the amount of radiation 
absorbed by a molecule at a given concentration (i.e., molar concentration) expressed in
of A photon (hv) at a select wavelength being absorbed as it passes through solution.
When atoms and molecules absorb radiation, they can move to a higher energy state or 
an excited state. This process is known as electronic excitation and is the result of 
absorption of radiation from the UV region (200-400 nm) or visible region (400-800 nm) 
of the electromagnetic spectrum. Absorption of UV or visible radiation by an atom or
(1.16)
(1.17)
A = ebc (1.18)
units of L mol*1 cm *1. The molar absorptivity of a species is thus based on the probability
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molecule can be depicted as a two-step process involving the electronic excitation o f the 
species A such that:
A + h v  ► A* (1.19)
where A* represents the excited molecule. The time taken for an electron of a molecule to 
go from the ground state to the excited state is on the order o f 1 0 ~ 15 sec, during which time 
the molecule constantly rotates and vibrates [74]. The excited molecule (A*), on the other 
hand, has a lifetime ranging from 1 0 '8 to 1 0 '9 sec and is usually deactivated by some 
relaxtion process, which can be expressed as:
A * ►A + energy (1.20)
where in such cases the excitation energy could be in the form of heat or some form of 
radiation. Concentrations o f A* are small such that absorption measurements can be 
considered to create minimal disturbance of the photochemical system being investigated 
[75].
When molecules undergo electronic excitation, their electrons are excited from bonding 
to antibonding orbitals. These types of electrons are known as <T, x, and n electrons. Both 
a  and 7t electrons are directly involved in the formation of bonds between atoms while n 
electrons, or nonbonding electrons are unshared, outer—shell electrons usually associated 
with atoms such as N, S, O and the halogens. Electrons in <r, x, and n orbitals are 
electronically excited to a , x , and n antibonding orbitals. The c-a*  transitions are rarely 
observed in absorbance spectra since these are high energy transitions. The n-a* 
transitions are characteristic o f saturated molecules containing atoms with nonbonding 
electrons. These transitions require less energy than a-c*  transitions and occur by 
absorption of radiation in the region from 150 to 250 nm. Both n-x* and x -x *  transitions 
form the basis of molecular absorbance and require the presence of unsaturated functional
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groups as sources o f rc-orbitals. These groups are generally referred to as chromophores. 
While n-rt* transitions have relatively low molar absorptivides (i.e., 10 to 100 L cm*1 mol * 
l ), jc-jc* transitions range from 1000 to 10,000 L cm*1 mol*1. Both transitions are also 
sensitive to solvent polarity. Absorbance peaks associated with n-K* transitions are 
typically shifted to shorter wavelengths (Le., blue -shifted) with increasing solvent polarity 
while, in some cases peaks of k- k* transitions are red-shifted, or shifted to longer 
wavelength under similar conditions.
M easurem ent o f Absorbance Spectra. In their mathematical forms, both 
absorbance and transmittance cannot be defined experimentally due to the need to contain 
the analyte of interest in a compartment or cell. Due to the scattering effects caused by the 
interaction of light with the air/wall interfaces of cells, beams of radiation in UV-vis 
measurements are usually directed to two cells, one containing the sample prepared in some 
solvent, and the other containing the solvent known as the reference. A typical 
instrumental design for molecular absorbance measurements is shown in Figure 1.8. This 
configuration is typical for double -beam systems, although single beam systems are also 
available. The double-beam spectrophotometer, however, offers the advantages of 
minimized signal drift caused by system inconsistencies, and minimized system noise. 
Thus, for the remainder of this discussion reference will be made to double-beam 
spectrophotometric systems.
UV-visible Spectrophotom etric E q u ip m en t Figure 1.8 illustrates the typical 
components of a double-beam spectrophotometer. Double-beam spectrophotometers are 
arranged such that the beam from the radiation source is split into two beams of equal 
intensity. The beams transverse equal light paths, one directed toward the reference cell and 
the other toward the sample cell. This configuration allows for corrections for variations in
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radiation. The absorbance spectrum produced is the resultant difference spectrum obtained 
from the differences in intensity of the sample and reference beams. The components of 
typical spectrophotometers will be discussed in further detail in this section.
The radiation source most commonly employed in modem UV-visible 
spectrophotometers are tungsten (W) and hydrogen discharge lamps. The tungsten lamp 
consists of a tungsten filament which is heated electrically to discharge white heat. 
Although tungsten lamps are stable and simple to use, they are useful only for the 
wavelength region from 350 to 2000 nm. Thus, for low wavelength capabilities, most 
modem spectrophotometers employ some type of H2  discharge lamp. H, discharge lamps 
contain pressurized hydrogen gas with an applied electrical discharge. When the H2 
molecules are excited, they emit UV radiation. The induced collisions of the H2 molecules 
under high pressure conditions produces a broad band spectrum over the UV region (i.e., 
from 160 to 350 nm). If deuterium (D2) is substituted for Hj, the intensity of the lamp can 
be increased tremendously (e.g., 3 orders of magnitude). For deuterium, a continuous 
spectrum is produced by formation of an excited species with subsequent dissociation to 
form two species and a photon:
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D2  +  E e  ► D2 *  D ' +  D" + hv (1.21)
where D2 * symbolizes the excited deuterium molecule and Ee the electrical energy. Other 
lamps such as xenon (Xe) arc lamps, may be used in spectrophotometric analysis. The Xe 
arc lamps produce high intensity radiation by the conduction of current through xenon gas. 
The spectrum produced is continuous over the wavelength region from 250 to 600 nm.
The cells, commonly referred to as cuvettes, are typically prepared from quartz refined 
silica with a defined pathlength (b~1.0 cm). Spectrophotometric cells are usually 
manufactured as matched pairs of the same pathlength. Quartz and fused silica cells are 
chemically inert and thus more rugged for daily use. For D2 /H2  lamps, quartz cells must 
be used due to absorption of light by glass at less than 300 wavelengths.
The radiation from lamps employed in UV-visible spectrophotometers must be 
dispersed according to wavelength. To perform this function, monochromators are 
commonly used. Monochromators are prisms fabricated from glass, quartz and fused 
silica. Quartz and fused silica prisms are more commonly employed because these 
materials are transparent over the entire UV range. Glass prisms, on the other hand, 
disperse light very strongly in the visible region of the spectrum and have the highest 
resolving power of all the prisms used. Glass, as mentioned earlier, absorbs strongly in 
the UV region, from 200 to 350 nm. To overcome these differences in resolving 
capability, most modem instruments employ gratings having constant resolution over the 
entire UV-visible range.
Gratings are planar objects that contain a series of parallel straight lines etched onto 
their surfaces. The resolution of a grating is proportional to the number of lines and the 
order of the grating, which is a parameter describing the selectivity o f the grating. 
Generally, the more lines per inch of the grating, the shorter the wavelength o f radiation
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dispersed, and the greater the dispersive power of the grating. A more detailed discussion 
of monochromatic devices has been provided elsewhere [74],
There are numerous detectors employed in spectrophotometers, with the most common 
being the photomultiplier (PMT). When radiation falls upon the metal surface o f the PMT, 
the system emits electrons for every photon emitted. The liberated or ejected electrons are 
subsequently attracted to dynodes maintained  at positive potential. Upon arrival of one 
electron at the dynode, other electrons come into contact with the dynode, causing emission 
of more electrons from the photomultiplier surface. This effect is repeated and accumulated 
such that a shower of electrons arrive at the collector dynode. The number of electrons 
contacting the collector dynode is a function o f the intensity of the light reaching the 
detector. With common photomultipliers, the signal can be increased by increasing the 
voltage between the dynodes. The voltage has to be optimized, however, because 
extremely high voltages result in noisy signals. Most commercial photomultipliers have 
10-15 stages, with gains of 109  electrons [74].
Beer-Lam bert Law o f A bsorbance. Equation (1.18) shows that the absorbance 
of a given solution is proportional to the concentration of that solution. This relationship 
can be further expressed as:
where I0 and I, represent the incident and transmitted radiation, respectively. The 
relationship can be further simplified and expressed as:
A = ebc = -log T =-log^— = log -ia- = log -j-
(1.22)
lo g la— = ebc, = 1 0  *ebc
(1-23)
In final form, these expressions can be solved for both I0 and It to obtain:
(1.24)
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These expressions represent forms o f Beer-Lambert law or Beer’s Law and show that there 
is a linear relationship that exists between absorbance (A) and concentration (c) for a given 
solution, provided constant pathlength (b) and radiation wavelength. Furthermore, from 
the measurement of the ration of It:I0, the absorbance and, thus, the concentration can be 
estimated. This relationship is fairly accurate for solutions o f low concentration (i.e., < 
0.01 M) and is commonly employed in all aspects of absorbance spectrophotometry.
Deviations from  B eer-Lam bert Law. Deviations from the Beer-Lambert law can 
occur and are generally considered to be of two types, instrumental and chemical deviations 
[75]. Instrumental deviations can result from slit widths being too wide, which directs 
unabsorbed light to the detector. The unabsorbed light may then be absorbed by impurities 
in the sample, producing changes in the observed absorbance of the sample with 
concentration. Another source of instrumental deviation results from using high 
concentrations of analyte. With high concentrations, the charge distribution of neighboring 
analytes is effected by the decreased distance between the absorbing analytes. Such a 
phenomenon is highly dependent upon concentration, hence altering the existing linearity 
between absorbance and concentration.
Chemical deviations from Beer’s Law can result from spectral impurities in samples, 
which can cause errors in the measured intensity of radiation transmitted by the sample. 
Other chemical deviations include the production of different absorbing species through 
dimerization, association, and dissociation processes. These processes contribute to 
decreasing the overall absorbance of the analyte through the formation of entirely different 
chemical species in the ground state (S0), and can often result in observed differences in the 
absorbance spectrum of the analyte. Both instrumental and chemical deviations can be 
overcome by preparing calibration curves which express the linear relationship between 
absorbance (A) and concentration (c). These calibration, or working curves provide the
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best linear working range for a particular compound in UV-visible spectrophotometric 
studies, and can be used to minimize errors due to instrumental and chemical inconsistencie
O rganized M edia  in  S p ec tro p h o to m etric  Analyses. Since the pioneering work 
of Cramer [76] involving the spectral changes of colored molecules in cyclodextrins, the 
influence of CDs on the UV- and -visible spectral properties of many molecules have been 
studied. As mentioned earlier, the absorption o f light by a molecule changes the molecule’s 
dipole moment Hie dipole moment of a molecule is similarly influenced by its local 
microenvironment Thus, changes in the local viscosity and dielectric constant of a 
particular molecule affects its molecular absorption spectrum. Hence, organized media, 
through hydrophobic and hydrogen-bonding considerations, can effectively perturb the 
chemical and physical properties of certain molecules.
The principal use o f CDs in UV-visible spectrophotometry has been for the improved 
stability and solubility o f colored compounds (e.g., dyes). Mwalapundi et al. [77] studied 
the spectral properties o f Auromine O dye in the presence of cyclodextrins and micelles. 
The absorbance of the dye was observed to be significantly enhanced in organized media. 
The increased absorbance of the dye was rationalized by the interaction of the cationic dye 
with the electron donating groups of both the cyclodextrins and micelles, as well as to the 
increased hydrophobicity and viscosity provided by the media. Green et al. [78] observed 
similar results for the cyanine dye /phenanthrene derivative PABT in the presence of 
organized media. Cyclodextrins and micelles were demonstrated to control the aggregation 
equilibrium oxazine/perchlorate dyes [79]. Similarly, Dangles and Brouillard [80] 
demonstrated the ability of cyclodextrins (i.e., p- and y-CDx) to disaggregate the dye 
1,3,6,8-tetrahydroxyxanthylium through molecular encapsulation using UV-visible 
methods. Based upon changes in the absorbance spectra, the P*CDX is believed to 
selectively intertact with the monomer while y-CDx effectively binds the dimer. Lastly,
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Ribd et al. [81] have observed using UV-visible techniques that cyclodextrins effectively 
dissaggregate porphyrin molecules to form self assemblies.
Cyclodextrins and micelles have also been used in spectrophotometric studies of 
systems involving transition metals. Qui et aL [82], for example, studied the effect o f (3- 
cyclodextrins on color reactions of various metals with coloring reagents such as xanthene 
acid dyes and triphenylmethane. These reactions can often be monitored using the 
absorbance properties relative to the dye. The color reaction of copper [II] with 
mesotetrakis (4-methoxy-3-sulfophenyl)porphyrin has been studied in the presence o f a - 
cyclodextrin [82]. The sensitivity of the reaction is enhanced by 50%, rationalized through 
the increased absorbance of the system.
The use of micelles in the determination of metal ions by use of UV-visible 
spectrophotometry has been reviewed [8 ]. Systems employing colored reagents such as 
phenoxazone and anthraquinone dyes have been used with micelles for the determination of 
metal ions [10]. Similarly, ternary complexes involving surfactant molecules, metals, and 
guest molecules usually exhibit increased absorbance and bathochromic shifts relative to the 
respective binary complexes. It has been suggested that such ternary complexes form due 
to micellar effects upon the ionization equilibria rather than via complexation of the metal by 
the surfactant [10]. Cationic surfactants such as hexadecyltrimethylammonium chloride 
(HDTC) and -bromide (HDTB) have been demonstrated to form complexes with 
triphenylmethane dyes (TPM), which in turn show chelating behavior. Such complexes 
exhibit one to ten fold increases in absorptivity and spectral shifts on the order of 2 0 - 1 0 0  
nm [3]. Other chelating dyes such as alizarin green and its derivatives have been used to 
develop methods for sensitized determination of uranyl and indium using UV-visible 
techniques [3].
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STEADY-STATE FLUORESCENCE AND PHOSPHORESCENCE
The absorption o f light by molecules also results in increased energy of these 
molecules. These molecules are considered to be excited to higher energy levels. Once 
excited, these molecules can lose energy by following various deactivation pathways from 
the excited-state. Such pathways can be facilitated through collisions with other molecules, 
or from the emission of light with a characteristically different wavelength than that which 
was absorbed. The latter process is known as photoluminescence. Photoluminescence is 
considered to be a deactivation process, which occurs after the excitation of a molecule 
from the absorption of photons. Photoluminescence is one of several luminescence 
processes, with others including radioluminescence and chemiluminescence. The 
photoluminescence process dates back to the 16th and 17th century and the work of 
Monardes and Boyle, respectively [83-84]. The analytical utility of luminescence was 
realized a century later by a physicist named George Gabriel Stokes, who introduced the 
concept of luminescence as a light emission process [85]. Furthermore, the work of 
Stokes did much to shape the current understanding of luminescence as it exists today.
Photoluminescence can be divided into two categories depending upon the nature of the 
ground and excited states of a particular molecule. These two categories, fluorescence and 
phosphorescence, have contributed to the development of luminescence spectrometry into a 
widely used analytical technique with tremendous flexibility, sensitivity, and simplicity. In 
this section, the principles of luminescence spectroscopy, i.e., fluorescence and 
phosphorescence, will be explored along with some applications of these techniques with 
respect to systems involving organized media.
Principles o f Fluorescence and P hosphorescence. When molecules absorb 
electromagnetic radiation and become excited, they must deactivate from the excited-state 
by some pathway. The Jablonski energy -level diagram (Figure 1.9) can be used to
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effectively describe the absorption and emission processes of photoluminescence. The 
terms S0, S i and S2  refer to the ground, first, and second electronic states, respectively.
For typical organic molecules, the total angular momentum is used to determine the 
multiplicity of the various states, which is given by:
where S represents the spin quantum number of the respective molecule. Organic 
molecules usually have S =0 because they typically possess an even number of electrons. 
Thus, for organic molecules, M is typically unity and is referred to as the singlet state. The 
transitions in the Jablonski diagram are depicted vertically, representing the instantaneous 
light absorption process. This process occurs in approximately 10' 15 sec, Le., in a time too 
fast to allow significant displacement of nuclei in the excited state, and forms the basis of 
the Franck-Condon principle. The Franck-Condon principle further states that the 
electronic transitions involved in luminescence occur without any change in the position of 
the nuclei. Thus, for a specific transition, if the probability of that transition is largest for
M = 2S +1 (1.25)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
t
Potential 
Energy
S i
S o
Interatomic Distance
Figure 1.10. Transitions of the Franck-Condon Principle.
absorption, the reciprocal transition is largest in emission. The transitions characterizing 
the Franck-Condon principle are illustrated in Figure 1.10.
In luminescence, absorption usually occurs from the lowest vibrational level of the 
ground state (S„) to some vibrational level in the excited-state. These vibrational levels are 
typically about 1500 cm ' 1 from one another. The distribution of molecules in the lowest 
(SJ and first vibrational levels may be estimated using the Boltzmann distribution, where R 
represents the ratio of molecules in each state and is given by [8 6 ]:
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R = e AE/kT (1.26)
where AE, k, and T are the energy difference, the Boltzmann constant, and the temperature 
in degrees Kelvin (K), respectively. Measurements performed at room temperature (i.e., ~ 
300 K) will yield ratios (R) of approximately 0.01. Thus, most molecules will be present 
in the lowest vibrational level with absorption resulting from the molecules in this lower 
energy levei Furthermore, due to the large AE apparent between S0 and S t, it is unlikely 
that fluorophores will populate Sx because o f effects due to thermal energy.
F luorescence. Fluorescence is a process involving emission of energy from an 
excited molecule due to deactivation of the excited molecule from St to Sq. The process
normally occurs from the lowest vibrational energy level of the excited singlet state to any 
vibrational level o f the ground state. Fluorescence can be considered a relaxation process in 
which molecules release energy in the form of radiation, or photons (hvF), represented by
the following equation:
s i ------- ► S0  + hvF (1.27)
Fluorescence emission occurs on the order of 10' 9 to 10' 7 sec after excitation. The 
energy difference between the vibrational levels involved in the transition ultimately dictates 
the position (cm ' 1 or nm) of the fluorescence band observed. As illustrated in the Jablonski 
diagram, the absorption and fluorescence processes have at least one electronic transition 
that are of the same energy [87]. Both transitions occur between the zero vibrational levels 
of S, and S0  and are thus referred to as 0-0 transitions.
In tersystem  C rossing /P hosphorescence. Upon excitation, an electron of a 
molecule may undergo spin reversal. In such cases, the spin quantum number (S) for the 
molecule would equal 1, thus giving the system a molecular multiplicity value of 3 
(assuming M =2S +1). Under such conditions, the triplet state (T,) is formed. This
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process involves radiationless transfer from the singlet to the triplet state and is known as 
intersystem crossing. Intersystem crossing is represented as:
S1*/vaa/* >T i (1.28)
The process of intersystem crossing is not quantum mechanically allowed. Thus, the 
probability of its occurrence is much lower than that for other relaxation processes. 
Moreover, the triplet state (Tt) is of lower energy than the singlet state. Intersystem 
crossing occurs on the order of 1 0 ** seconds.
Once a molecule transfers to the T, state, it can be deactivated to the zero vibrational 
level of the excited Tt state through vibrational relaxation. Similarly, the molecule can 
experience further deactivation to the S0 state by emission of a photon. This transition is 
known as phosphorescence, and generally results from deactivation o f a molecule from the 
triplet excited-state to a singlet ground state:
T j « a /\a /*> go +hvF (1.29)
Because the transitions resulting in phosphorescence are quantum mechanically 
forbidden, the phosphorescence process occurs much more slowly than fluorescence (i.e., 
from 10*3 to 10 sec). As a result, molecules exhibiting phosphorescence have longer 
lifetimes which are more susceptible to competition with nonradiative deactivation 
processes (e.g., quenching). Molecular oxygen, for example, effectively quenches 
phosphorescence. Hence, samples must be analyzed under cryogenic and deaerated 
conditions. Researchers have, however, observed room temperature phosphorescence 
(RTP) for select analytes in organized and constrained media [88-89]. This RTP can be 
effectively enhanced by incorporation of molecules such as bromine and iodine through a 
heavy atom effect These atoms induce spin reversal for electrons and have been
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successfully demonstrated to enhance RTP when incorporated as substituents on the 
analyte(s), or in the solvent containing the analyte [90-91].
C haracteristics o f Fluorescence E m ission . The spectral data obtained from 
fluorescence measurements are generally in the form of emission spectra. The fluorescence 
emission spectrum is typically a plot of the fluorescence intensity (or radiative fluorescence 
intensity) versus wavelength or wavenumbers (nm and cm*1, respectively). The emission 
spectrum for a particular molecule is often observed to be independent of the wavelength of 
excitation, due to the rapid relaxation of the excited molecule from Sn to S0. The emission 
spectrum is also observed at longer wavelengths than the absorption energy due to the loss 
of energy of the emission relative to the absorbance. This transition is known as a Stokes 
shift (or Stoke’s Law), first observed by G.A. Stokes in 1852 [92], and is illustrated in 
Figure 1.11 by representative absorbance and emission spectra. The energy losses which 
induce Stokes-shifts are a result of the various vibrational relaxation processes to the lowest 
vibronic levels of St, which are further induced by various solute/solvent interactions 
occurring in the excited state. The absorbance and emission spectra in Figure 1.11 appear 
to be mirror images, exhibiting spectral symmetry. This symmetry is a result of the 
absorption and emission processes possessing the same transitions, with the height of the 
bands representing the probability of the individual transitions. The symmetry further 
reflects the similarities of the S0  and St vibrational levels of the spectra, and is supported by 
the Frank-Condon principle. The mirror image rule does not apply in all cases involving 
fluorescence [8 6 ]. For some molecules, the absorbance and emission spectra possess 
different degrees of vibrational structure. These differences are usually indicative of 
differential geometrical arrangements of the nuclei of the molecules in the ground and 
excited-states. It appears that the aromatic rings of biphenyl become coplanar in the 
excited-state, thus increasing the vibronic fine structure of the emission spectrum compared
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to the absorbance spectrum. Deviations from the mirror image rule can also be induced by 
the formation of excited-state dimers, or excimers, and excited-state reactions involving 
changes in acidity constants (pK^) of molecules upon excitation. Such excited-state
reactions have been reported in the literature for molecules such as pyrene and methyl 
salicylate [93-94].
In ternal and external conversion. Internal conversion is another process 
involved in photoluminescence and describes intermolecular processes in which molecules 
pass to lower-energy states by nonradiative pathways. Internal conversion is synonymous 
with vibrational relaxation in which excess vibrational energy of excited molecules is lost as 
a consequence of solute/solvent interactions and/or collisions, resulting in energy transfer
S2  * a a /w * >  S i (1.30)
The internal conversion process is not well understood, but appears to be efficient when 
two electronic energy levels are in close proximity to allow overlapping of their vibrational 
energy levels [87]. Predissociation may also play a role in the internal conversion process. 
With predissociation, molecular electrons move from higher electronic states to upper 
vibrational levels of a lower electronic state which possess sufficient vibrational energy to 
rupture bonds. This process is highly probable for large molecules, which often contain 
bonds that are weaker than the excitation energy of the chromophores.
Lastly, deactivation of an excited electronic state may involve interaction and transfer of 
energy between solute and solvent molecules. These processes, known as external 
conversions, usually occur via radiationless transitions to the ground state from the lowest 
excited singlet and triplet states. The influence of solvents, effects of low temperatures, 
and high viscosity on observed fluorescence intensities have all been used as experimental 
evidence of external conversions. Such influences generally reduce intermolecular
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46
Stokes Shift
A bs
Mirror Image Rule
0-2
0-10-1
FLUORESCENCEABSORPTION
X
Figure 1.11. Absorbance and Fluorescence spectra illustrating the
Stokes’s Shift and Mirror Image Rule.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
collisions, thus enhancing fluorescence. Dissociation may also occur in which radiation 
absorbed by the electron of the chromophore is directly excited to a higher state, resulting 
in rupture of the chromophoric bonds.
Variables Affecting Fluorescence and Phosphorescence. The ability of a 
molecule to exhibit fluorescence or phosphorescence is largely dependent upon the 
molecular structure as well as the influence of the microenvironment on the molecule. 
These factors, and others, also contribute to the nature of the molecule’s luminescence 
(e.g., intensity, etc.). Some of these factors and their effects on important excited-state 
mechanisms will be discussed briefly in this section.
The quantum yield, or quantum efficiency (<bf) is a parameter that is often used to 
characterize the extent of a molecule’s fluorescence and phosphorescence. The quantum 
yield is defined as the ratio of the number of molecules that luminescence to the total 
number of excited molecules. The quantum yield can be expressed as a function of the 
molecules which depopulate the excited-state through emission such that:
* f =  • — —
r  + k (1.31)
where T  and k  are decay rates for the emission and nonradiative processes, respectively. 
More specifically, k is considered the summation of all the nonradiative deactivation 
processes and can be expressed as:
k ^ k f + k i  +  k i c  +  k e c  +  k p d  +  k d  ( 1 3 2 )
where kf is the rate constant for fluorescence, ki that for intersystem crossing, kec external 
conversions, k;c internal conversions, kpj and kd the rates for predissociation and 
dissociation, respectively. The quantum yield may now be expressed as a function of these 
k terms:
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* -  * _______________
k f + k i  + k e c + k j c  + k p d  + ka (1 33)
Thus, from equation 1.33, it becomes apparent that those factors which increase kr and
decrease the other k terms enhance fluorescence. Furthermore, <&f is expressed as a value
between 0  and 1 and is largely dependent upon the extent of these various k values.
The fluorescence lifetime of a molecule is defined as the average time a molecule spends
in the excited-state prior to deactivation and is expressed as:
_ 1
X~  T + k (1.34)
The lifetime of the molecule in the absence of nonradiative processes is referred to as the 
intrinsic lifetime, given b y :
Xo = 1/T = 1/kf ( 1 .3 5 )
From the previous equations, the quantum yield can be expressed as the ratio of the
fluorescence and intrinsic lifetimes, such that:
d»f = JL.
to (1.36)
These relationships can be used to derive similar expressions for phosphorescence. The 
lifetime of the phosphorescence can be expressed a s :
xp =  —-------------
kp + k*vr + kQp[Qp] (1.37)
where kp represents the first order decay constant o f T, to S0, k ’^  the constant for 
vibrational relaxation of the T, state, and kqp[Qp] the pseudo first-order rate constant for 
quenching of the triplet state by quencher, Qp. The quantum efficiencies and lifetimes of 
phosphorescence are related by the following relationship:
*> V 1  (1.38)
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where <)>t represents the quantum efficiency of the triplet state formation and Tp and tpR the 
lifetimes in the presence and absence of radiationless processes, respectively.
The luminescent lifetimes and quantum yields of compounds can be altered by factors 
which affect any of the respective rate constants. For instance, increases in kfc and kec 
decrease fluorescence. Similarly, a slow lq decreases the emission of the molecule.
S tructural, T em perature and Solvent effects. The fluorescence of a molecule 
is dependent upon many other factors in addition to those discussed in the previous section. 
Most compounds that possess aromatic functional groups with re-re* transitions exhibit 
adequate fluorescence. Aliphatic molecules generally do not fluorescence. Molecules 
containing highly conjugated double-bonds may exhibit fluorescence, but very few 
examples of such systems exist. Unsubstituted aromatic hydrocarbons and polyaromatic 
hydrocarbons (PAHs) typically fluorescence in solution. Usually, the extent of 
fluorescence increases with the number of rings contained by the molecule as well as the 
degree of condensation [74]. Substitution of groups such as halogens or carbonyl and 
carboxylic acids generally decrease fluorescence. Halogens appear to induce effects similar 
to the heavy atom effect, increasing the probability of intersystem crossing. Substituents 
such as carbonyl and carboxylic acids create molecules with n-re* transitions with less 
energy than re-re* transitions.
Aromatic molecules possessing structural rigidity will typically fluorescence. This has 
not been demonstrated for molecules such as fluorene, which has a rigid, planar structure. 
Similarly, the formation of metal complexes increase the fluorescence of some chelating 
molecules. For example, 8 -hydroxyquinoline (8 -HQ) has been shown to effectively 
complex metal ions, with subsequent enhancement of the molecule’s fluorescence [75]. It
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is believed that the chelation activity of these types o f molecules enhances fluorescence by 
decreasing the kjC term.
Temperature and solvent have an effective influence on the process of 
photoluminescence. With increased temperature, <&f is often decreased due to competing 
nonradiative processes produced from intermolecular collisions. Increased solvent 
viscosity (r|) should result in increased d>f due to restriction of the molecule (i.e., increased 
rigidity). Many molecules have pH dependent fluorescence. This is usually the case for 
aromatic compounds possessing both acidic and/or basic moieties. Changes in pH can 
facilitate the formation of ionized and nonionized forms of molecules, thus increasing the 
number of resonance forms associated with these charged species. Lastly, the presence of 
molecular, or dissolved oxygen often decreases the quantum efficiency mainly due to 
induced photochemical oxidation of the fluorophore. This process, known as quenching, 
can also be promoted by other paramagnetic species. A more detailed discussion of various 
quenching mechanisms in fluorescence spectroscopy has been provided by Lakowicz [8 6 ].
L inearity of Fluorescence. Similar to absorbance, the fluorescence of a substance 
is directly proportional to the amount of radiation absorbed, i.e.
If=^fAI = (^ A 3-Ir) (1.39)
where If is the fluorescence intensity, d»f the quantum yield, Iq the incident light intensity, 
and Ix the intensity of light transmitted. Using Beer-Lambert's law, it can be expressed as
IT = Io x lOebc. Combination of these equations yields:
(L 4 0 )
This equation is significant because it shows that the fluorescence intensity of a molecule is 
a function of the molar concentration of that molecule. For dilute solutions, (i.e., ebc < 
0 .0 0 1 ), this equation can be rewritten as approximately:
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If = 2.303<fcfIo£bc (1.41)
Thus, the intensity of emitted fluorescence is proportional to the quantum efficiency, 
the concentration of the analyte, and the incident radiation (I0). Hence, a  linear plot is 
obtained for fluorescence intensity versus concentration, assuming low analyte 
concentrations. At high concentrations of analyte (Abs > 2.0), significant self absorption 
occurs in which the emission wavelength overlaps an absorption band. In such cases, the 
fluorescence is decreased due to the decreased intensity of the radiation passing through the 
cell. This phenomenon is known as an inner-filter effect and can be minimized by proper 
dilution of samples prior to analysis.
Fluorescence Instrum entation . Fluorescence spectroscopy provides a sensitive 
analytical technique with detection limits on the order of 1012 M. The major components of 
a modem fluorometer or spectrofluorometer are illustrated in Figure 1.12. In many 
respects the components are similar to those described for UV-visible spectrophotometers. 
Most fluorometers employ Xe arc lamps as radiation sources. These lamps provide 
continuous radiation ranging from 300 to 1300 nm, with power ranging from 75 to 450 W. 
Xe arc sources have typical lifetimes of 2000 hours. High intensity pulses can be obtained 
using flash intervals induced by a capacitor. H ie fluorescence spectrum of a sample is 
obtained by scanning or monitoring continuous emission at a fixed excitation wavelength. 
The inverse function is employed to obtain excitation spectra. Most modem systems 
employ grating monochromators, which permit the passage of filtered radiation to the 
sample. Entrance and exit slits are also employed to control the amount o f light reaching 
the sample. Because the amount of intensity passing through the monochromator is 
directly proportional to the square of the slit width, the settings must be optimized. The 
sample compartment of the spectrofluorometer is oriented between the excitation and
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emission monochromators. Solutions of the analyte are placed in 1 cm2 quartz cuvettes, 
which can be either cylindrical or rectangular. The emission of a sample is measured at 90° 
relative to the excitation source. The fluorescence signal is propagated in many directions 
from the sample, but is best measured at 90° relative to the excitation source to minimize the 
effects of scattering from the cell wall:solution interface. This signal, which is typically of 
low intensity, must be amplified to allow adequate measurement of emission. Thus, 
photomultiplier tubes are widely used as detectors in sensitive fluorescence 
instrumentation. As signals reach the PMT, they are amplified through collision of the 
emitted photons with the dynodes of the PMT. This amplified signal can then be 
transported to a PC for spectral acquisition and analysis.
INDUCED CIRCULAR DICHROISM
Induced circular dichroism (ICD) is another technique that is often used to characterize 
the host:guest interactions involving organized media, more specifically cyclodextrins. Due 
to the high chemical and optical purity of CDs, as well as their minimal absorbance, the 
molecules are excellent hosts for ICD studies. Furthermore, because CDs absorb only in 
the low UV region, the induced CD signal observed is due solely to the formation of the 
hostrguest complex, with the intensity of the ICD signal proportional to the concentration of 
the complex in the signal. Further discussion of the principles and application of ICD, 
however, requires a brief introduction to the principles of circular dichroism. For the 
purpose of this discussion, the forthcoming section will briefly outline the principles and 
experimental considerations regarding circular dichroism. Some practical analytical 
applications of circular dichroism and ICD will also be discussed.
C ircular D ichroism . Circular dichroism (CD) can be defined as the differential 
absorption exhibited by a species containing a dissymmetric center coupled to a
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chromophoie, produced by the interaction of this species with circularly polarized light. 
The technique is generally classified as a chiropotical method, used to differentiate between 
two enantiomers. Other chiroptical methods include optical rotary dispersion (ORD) and
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Figure 1.12 Com ponents o f a m odern spectrofluorim eter.
polarimetry. Both polarimetry and ORD are used to determine the extent of interaction 
between a chiral substance and a rotating beam of linearly polarized light Circular 
dichroism, on the other hand, involves simultaneous measurement of both absorbance and 
rotation for such interactions. Specifically, CD measurements involve the use of linearly 
polarized light consisting of two beams of circularly polarized light, which interact with the
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chiral center of a molecule to produce the CD signal. CD measurements can be performed 
in two ways. The first method involves obtaining the differential absorption of a  optically 
active compound by direct separation of the absorption components from the left and right 
circularly polarized light Once separated, the difference spectrum of the two components 
are taken as the CD spectrum. In the second method, the linearly polarized light is resolved 
into left and right components containing a predetermined phase relationship and is 
introduced to the optically active sample [95]. The differential absorption of the circularly 
polarized light results in elliptical polarization of the radiation. While the second method 
may appear to be more easily achieved than the first, the procedure is subject to inherent 
limitations. Thus, this discussion of circular dichroism will focus on the first method, 
which is the method employed in modem CD instrumentation.
Upon interaction with chiral media, the two circularly polarized beams become phase 
differentiated because the media recognizes light with different refractive indices traveling at 
different speeds. This phenomenon is responsible for the rotation effect observed. 
Furthermore, for chiral media containing a chromophore, differential absorption occurs, 
causing the transmitted radiation to become elliptically polarized [96]. The long axis of the 
ellipse is rotated from the original plane of polarization by a, which is an angle describing 
the extent of rotation, and the ellipticity, which is defined as 4* = tan _1 [96]. The 
arctangent OF) is directly related to the differential absorbance of the system, represented in 
vector lengths. This relationship can be expressed as:
*F = 7t(Ei - er)/X; 'F = tcAe/X (1.42)
where £ is the molar absorptivity, £i and £r the molar absorptivities for left and right 
circularly polarized light, respectively, and X the wavelength of measurement for the 
ellipticity. CD measurements provide the physical properties of chirality and absorption,
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which can be used for both qualitative and quantitative purposes. The CD curve across the 
absorption band o f an optically active substance has a characteristic convex shape (Figure 
1.13). This phenomenon is known as the Cotton effect, named for Cotton who produced 
one of the earliest treatises on the measurement o f CD spectra [97]. The Cotton effect is an 
useful parameter and provides valuable information concerning the structure o f a molecule 
and is characterized by its position, magnitude, sign, and shape of the CD curve [97]. For 
CD curves, the Cotton effect is represented by Ae, or A0 at the maximum wavelength,
1
W a v e l e n g t h  ( n m )— 1
Figure 1.13 Typical circular dichroism spectrum, showing
positive and negative Cotton effects.
A.max. Furthermore, because Ae is defined as ei-er, the CD spectra can have a positive or 
negative Cotton effect, producing a positive or negative CD curve, respectively. The 
baseline for CD measurements is clearly defined because there is no CD activity in regions 
where there is no absorption by the chiroptical analyte. Moreover, the requirement of a 
chiral center for CD activity makes CD much more selective than absorption spectrometry. 
While some absorption bands have wide, broadless structures, they are often depicted and
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resolved into several Cotton bands in CD spectra. These bands ace usually of different 
polarity, providing the user the capability of sample identification. Additionally, because 
the correlation in CD is between Ae and 6 m (0m = 3300Ae) for an analyte, the strongest 
CD signals are not necessarily obtained for strongly absorbing substances. Thus, 
molecules with low molar absorbances can be detected beyond the UV region. The many 
advantages of circular dichroism has accounted for its rapid analytical development relative 
to other chiroptical techniques.
Instrum en tation . Most modem CD instruments are actually modified absorption 
spectrophotometers which measure differential absorption as a function of wavelength. A 
schematic of a typical CD instrument is illustrated in Figure 1.14. Commercial CD 
instrumental employ Xe arc lamps as radiation sources due to the inherently small CD 
signals. These sources are usually water-cooled, with the systems purged with liquid N2  
to remove oxygen from the instrumental compartment and minimize the formation of ozone
(0 3). High wattage Xe lamps (e.g., 450 W) can be used to increase the incident radiation. 
For measurements in the UV region (i.e., from 200-350 nm), D2  lamps can be used which 
provide well defined radiation. These sources, however, are not useful for measurements 
at longer wavelengths. Thus, most commercial instruments employ either a Xe arc lamp or 
mercury arc lamp.
The sample cells used in circular dichroism are usually cylindrical, fused silica cells 
with typical pathlengths of 1.0 cm and volumes of -  3.5 mL. For other purposes, smaller 
and larger sample cells can be employed to allow the analyses for the respective sample 
volumes. Cylindrical and rectangular cells can often be used for special purposes such as 
fluorescence detected CD. Polarizers are used to create and manipulate polarized light In 
CD instruments, polarized light is produced using a device known as a quartz wave 
retardation tool, or a retarder. Retarders function by passing light through a linearly
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birefringent material that possesses refractive indices that vary as a function of the 
polarization and propagation direction of the incoming radiation. When light contacts the 
interface of the two materials with different refractive indices, the velocity of light is slowed 
in the material with the larger refractive index. This action causes a respective change in the 
phase angles of the light in the different media. The extent of the total phase difference is 
dependent upon the properties of the material through which the light travels and the 
pathlength. This process is aired by use of a polarization modulated source. These sources
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electronically induce phase retardation. Examples of such devices are pockell cells and 
photoelastic modulators.
With pockell cells, crystalline materials are subjected to a strong electric field to induce 
changes in the linear birefringent properties of the material [98]. When the material is 
subsequently illuminated using linearly polarized light, a phase difference is induced, with
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the magnitude dependent upon the properties of the medium and the applied voltage. The 
pockell cells have the advantages of rapid response (100 MHz) and flexibility in terms or 
orientation. The devices, however, are expensive and provide very limited optical regions 
in which to operate. Thus, photoelastic modulators are often employed for manipulation of 
polarization. The operation of these devices are based upon the birefringence produced 
when isotropic materials are subjected to strain-induced pressure. To achieve this, 
piezoelectric modulators are mounted on the sides of fused silica blocks. When voltage is 
applied to these blocks, pressurized strain is induced in the silica, thus retarding the 
material. The extent of retardation is a function of the voltage applied. These systems offer 
the advantages of lower required voltages for operation and improved signal-noise ratios.
The most commonly employed light detection devices employed in CD instruments are 
PMTs. The PMTs, as mentioned earlier, provide wide response ranges and high gain/low 
noise. Multichannel detectors such as photodiode arrays have also been utilized to obtain 
wavelength dependent information on a point-by-point basis [95]. The use o f charged- 
coupled devices (CCDs) and charge injection devices (CIDs) has been explored for use as 
CD detectors. Detectors of this type provide multidimensional manipulation o f signals and 
high speed shift registers for rapid data collection [99]. Operating frequencies of 58 MHz 
have been achieved, with wavelength ranges spanning 80 nm. Other detection modes for 
CD instrumentation have been explored through interfacing CD instrumentation with 
various analytical devices. These methods have recently been reviewed [95].
A pplications o f C ircu lar D ichroism . The selectivity of CD has made this 
technique widely useful in many areas of analytical chemistry. Specifically, in forensic 
chemistry, circular dichroism is often employed in drug analysis to determine the 
stereochemistry of natural and synthetic substances. Illegal substances such as cocaine, 
cannaboids, and LSD can also be identified and quantified using CD. In areas of clinical
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chemistry, CD has been applied in the analysis of cholesterol and cholesterol levels in 
human serum [95-97]. Similarly, levels of anabolic steroids in human urine have been 
quantitated using CD analysis. For pharmaceutical applications, CD is quite effective for 
assessing the purity of drugs such as penicillin and opiates. Mixtures of enantiomers are 
readily resolved using CD, which is beneficial in areas of pharmaceutical quality control 
Lastly, CD can be utilized in areas of agricultural research and food science where rapid, 
selective assays are required. For a detailed account o f the applications of circular 
dichroism, the reader is referred to references 96 and references therein.
Induced C ircu lar Dichroism (ICD). The phenomenon of circular dichroism can 
also be realized for species that do not possess a disymmetric center. In such cases, achiral 
molecules containing chromophores can be made to have CD activity by interaction with 
nonabsorbing chiral molecules. When achrial chromophores, for example, are included in 
a chiral host such as a cyclodextrin molecule, the achiral molecules will often exhibit CD 
activity. This phenomenon is known as induced circular dichroism (ICD) and results from 
the perturbation of the achiral chromophore by the chiral media. The interaction of achiral 
molecules with CDs in ICD is based upon the inclusion of the achiral molecule within the 
CD cavity to form a hostrguest complex, such that:
Cy + A^«- — - CyA (1 .4 4 )
For enantiomeric mixtures, the equilibrium of formation is expressed as:
Cy + (±A) Cy(+)A + Cy(-)A (1.45)
Although specific in nature, the ICD signals are weak due to the low values for the 
formation constants, low rotary powers, and limited solubility of the more commonly used 
cyclodextrins (i.e., a -, |3-, and y-CDs). To increase ICD signals, the host molecule 
solubilities are often increased by the addition of urea, or by use of more soluble 
cyclodextrin derivatives. To make ICD conditions more favorable, increased
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concentrations of both the host and guest should be used to control the stoichiometry of die 
complex (1:1), and to ensure that the ICD signals are reproducible.
Induced circular dichroism can be utilized to provide evidence for the stoichiometry of 
CD:guest systems, the extent of binding, and possible orientations of the included guest 
molecules. Due to the absence of CD absorbance in the UV region, the ICD signal 
observed is due only to the complex and strength and association. Thus, the following 
relationship can be derived:
^ e . d t C y - A ]  (L 4 6 )
where [Cy-A] represents the analytical concentration of the complex [95]. Using the 
Kirkwood-Tinoco expression [100] based upon coupled oscillator theory, rules have been 
derived relating the Cotton effect observed for the ICD spectrum to the orientation of a 
molecule within the CD* cavity [101-102]. These rules suggest that molecules possessing 
an electric transition moment parallel to the axis of symmetry of cyclodextrin exhibit 
positive ICD while that which is perpendicular induces negative CD signals. A similar 
theory has been presented for molecules placed outside the cyclodextrin cavity [103]. 
However, this theory will not be emphasized in this dissertation. The stoichiometry of 
inclusion complexes in ICD studies can be estimated using modified Benesi-Hildebrand 
relationships relating the ellipticity of a cyclodextrin host:guest complex to the optical 
a c tiv ity  o f  the free and complexed guest molecule. This mathematical relationship will be 
presented in forthcoming chapters.
A pplications of ICD. Since the pioneering works of Harata [101] involving ICD, 
many interesting applications of this technique have appeared. Much of the current 
research has involved its application in the detection of achiral drugs. Han and Purdie 
[104-105], for example, used ICD methodology to estimate the formation constants of 
achiral drag molecules such as PCP and barbiturates in aqueous cyclodextrin solutions.
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Similarly, the authors have applied ICD in the discrimination of racemic mixtures using 0- 
cyclodextrin [106]. The data from these studies are used to suggest the use of ICD in a 
quality control capacity. Similar applications for ICD have been realized for biological 
materials such as bilirubin [107>108] and 3,5-dimethylphenylcarbamates [109]. In these 
studies, ICD was used to elucidate binding mechanisms of such materials in serum.
Another important application of ICD methodology has been the analysis of 
PAHxyclodextrin inclusion complexes. The ICD technique can be used to gain more 
insight into the orientation and binding of carcinogenic PAH molecules with respect to 
cyclodextrins. Such information is crucial in developing suitable chromatographic methods 
for these harmful materials. In this regard, Woodbeery et aL [110] have applied ICD to 
study the inclusion of benzo[a]pyrene metabolites with cyclodextrins. The data are used to 
demonstrate differences in the orientation of binding of the metabolites with various CDs. 
Similarly, Patonay and Warner [111] have investigated the ICD of 
benzo[a]pyrene:cyclodextrin complexes. Benzo[a]pyrene is shown to exhibit ICD upon 
interaction with y-CDt. Other PAHs such as acridine, phenanthrene, and pyrene have also 
been studied using ICD involving cyclodextrins [112-114].
Cyclodextrins derivatives have also been employed in ICD studies. Specifically, 
host:guest interactions involving pyrene, anthracene, and naphthyl-appended p- 
cyclodextrins have been investigated [9]. The CD spectrum observed for the naphthyl 
appended p-CDr molecule shows a positive effect with a maximum at 225 nm. The ICD 
band decreases upon inclusion of a guest molecule, suggesting displacement of the 
naphthyl moieties into the bulk solvent Ueno et al. have used ferrocene-appended 
cyclodextrins to detect organic molecules by a method termed 'guest responsive circular
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dichroism’ [115]. Upon inclusion of guest molecules, the ICD bands of the ferrocene 
chromophore are decreased.
As demonstrated with modified cyclodextrins, the choice of a  host molecule in ICD will 
depend largely upon die objective of the research. Hosts can be chosen based upon 
different association mechanisms, with possibly greater selectivity. Some hosts, such as 
micelles, vesicles, proteins and metal complexes have been considered for ICD, although 
the theories concerning stoichiometry and orientation are not as developed as those 
involving cyclodextrins. It is believed, however, that these systems, combined with 
fluorescence detection, may provide a viable direction for future ICD development 
SPECTROSCOPIC PROBES OF ORGANIZED MEDIA
The use of fluorescence spectroscopy in characterizing photochemistry in organized 
media has been the subject of numerous reviews in the literature [116-117]. The use of 
spectroscopic probes is often explored to characterize the microenvironmental properties of 
organized media. This area of research is based upon the luminescent sensitivity of some 
organic molecules to changes in their local environments. These microenvironmental 
effects can occur independently or simultaneously to alter the luminescent properties of a 
particular molecule. These effects have been categorized by Kalyanasundaram [118] and 
include: (1) effects through environmental rigidity; (2) effects on vibronic band structure 
and intensities on fluorescence; (3) effects of medium relaxation around the excited-state;
(4) effects on energy transition states (i.e., [tc,7C*] and [n, rc*]) and their interconversion;
(5) effects on “twisted intramolecular charge transfer” states of donor-acceptor molecules, 
and (6) effects via inter- and intramolecular hydrogen bonding. Some of these effects, 
such as those on jc,ic and n,rc* transitions and vibronic band intensities of fluorescence 
(i.e., the Ham effect) have been studied more extensively than others. This is due to the 
direct result of these effects, which often induce changes in parameters such as location of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
63
the emission maximum (Xmax). intensity (<£), and lifetime (x) for a particular molecule. 
The structure and properties o f the host molecule are often reflected in the fluorescence 
properties of the probe or guest molecule [118]. Pyrene, a polyaromatic hydrocarbon, has 
been extensively used as a luminescent probe due to its sensitivity to microenvironmental 
changes. Specifically, the fluorescence of the molecule exhibits sensitivity to solvent 
polarity, as indicated by changes in the ration of intensities o f the I and HI emission bands 
of pyrene. Warner et aL have extensively studied the fluorescence o f pyrene as a probe of 
cyclodextrins [119-120] and cyclodextrin-micelle solutions [121]. More recently, Neal and 
Villegas [122] have used pyrene as a probe of cyclodextrins, micelles, and vessicles. The 
data have been used to suggest different extents of hydrophobicity and microheterogeniety 
amongst the forms of organized media.
Anilonaphthalenesulfonates (ANS) and 6-(p-toluidino)-2-napthalenesulfonic acid 
(TNS) have been used as fluorescent probes of cyclodextrin dimers due to their sensitivity 
to hydrophobicity [123-124]. Similarly, coumarin laser dyes [125] and molecules such as 
bimanes and acridine [126-127] have been demonstrated to experience sensitivity to local 
environments, as evidenced by changes in fluorescence.
The twisted intramolecular charge transfer (TICT) process has been used to probe the 
microenvironment of organized media. Hie TICT process involves the twisting of a 
molecule upon excitation to create a different fluorescence emission from the normal 
emission, thus producing two conformationally distinct excited singlet states. 
Furthermore, this process is sensitive to changes in viscosity, rigidity, and hydrophobicity 
and has been used to probe organized media in fluorescent studies. Molecules such as 4- 
(N,N-dimethyl-amino)benzonitrile (DMABN) and, 4-(N,N-diethylamino) benzonitrile 
(DEABN), and n-methyl-p-(p-dimethyIaminophenyl)-pyridinium (APP) have been used as
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TICT probes o f a-,|3-, and y^yclodextrins [128-130], Similarly, p-(N,N-dimethyl- 
araino) benzoic acid has been used to probe micelles formed from cetyltrimethylammonium 
chloride [131].
Fluorescence techniques have also been applied in the study of probe binding to 
cyclodextrin monomers and polymers. For example, naphthalene fluorescence probes have 
been demonstrated through changes in fluorescent properties to form stronger association 
complexes with CD polymers as compared to CD monomers [132], CDs and micelles have 
been utilized to enhance the fluorescence of hallucinogenic drug molecules and 
polychlorinated biphenyl isomers, which have detrimental environmental effects [7-8, 133- 
134].
More recendy, the study of photochemistry in organized media has been expanded to 
include the preparation o f modified cyclodextrin and micelles that act as molecular sensing 
devices. The primary objective of this research is to gain a better understanding of the 
mechanism of hosuguest interactions. This is typically performed by covalently linking a 
chromophore or fluorophore to the CD or micellar molecule. Modified CDs prepared in 
this fashion have included CDs linked to fluorescein, pyrene, p-di-methylaminobenzoyl 
(DMAB), and dansyl units [135-138]. These systems reflect remarkable sensitivity to 
microenvironmental changes as observed through perturbations in fluorescence and 
fluorescence lifetime data. Such systems have found application as probes and optical 
sensors for sol-gel matrices and biological media Further research involving these systems 
may provide a basis for reevaluating models of host-guest chemistry in the future. 
EXCITED-STATE PROTON TRANSFER AND PHOTOISOM ERIZATION
Some molecules, when excited to higher energy levels, exhibit distinct emission forms 
that arise from different ground- and excited-state conformers derived via different
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mechanisms. In such cases, these other processes which compete amongst the various 
deactivation processes, are often sensitive to local environmental effects experienced by the 
analyte. Examples of such processes are inter- and intramolecular proton transfer, and 
photoisomerization. While inter- and intramolecular proton transfer require the existence 
of a hydrogen bond, the photoisomerization process is induced photochemically and can be 
obtained by irradiation of certain molecules with light of appropriate wavelength. Both 
proton transfer and photoisomerization, however, may possibly provide information 
concerning the structure and properties of supramolecular structures when used as probes 
of organized and constrained media. Hence, the fundamentals of these photochemical 
processes will be discussed in this section.
Excited-State Proton Transfer (ESPT). As mentioned above, the presence of a 
hydrogen bond is a prerequisite for the occurance of excited-state proton transfer. While 
ESPT competes with other deactivation pathways in luminescence, the presence of a 
hydrogen bond in the ground state requires minimal displacement of the proton in the 
excited-state, thus providing an efficient photochemical mechanism. While ground-state 
proton transfer reactions have been well studied, excited-state proton transfer interactions 
have not been as popular. Since the pioneering work of Weller [139], Forster [140], and 
Weber [141], proton transfer in the excited-state has received considerable attention. The 
ESPT reactions are generally considered to be of two types: intermolecular and 
intramolecular ESPT. Excited-state intermolecular proton transfer (ESI^-PT) involves the 
photoinduced proton transfer that occurs between two hydrogen-bonded species in the 
excited-state. Excited-state intramolecular proton transfer, on the other hand, is facilitated 
by proton transfer between different moieties of the same molecule. Both ESPT processes 
are caused by the shift of the acid-base equilibrium of some molecules in the excited-state 
as opposed to the ground-state. Forster and Weller demonstrated that the acidity constants
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(pKa) o f particular molecules in the excited-state can be significantly different from those in
the ground-state. Forster later elaborated on the explanation o f ESPT by proposing a 
valuable method to estimate the pK  ^of a molecule in the excited-state (pK *), based on the 
molecule’s ground-state pKa and its electronic absorbance and emission spectra. This
method is known as the Forster cycle [142] and combines thermodynamic and 
spectroscopic data to predict chemical equilibrium constants in the excited-state. The ApKa
using the Forster cycle can be determined b y :
ApKa = NAh (vB + vBh+)(2.303RT) (1.47)
where NA is Avogadro’s number; h is Planck’s constant; vg and vbh+ the frequencies of 
deprotonation and protonation, respectively; R the gas constant, and T the temperature of 
the system. For acid-base studies, the particular molecule will absorb and fluorescence at 
different wavelengths when at different pHs (i.e., the B and BH+ forms). Thus, 
absorbance and fluorescence titrations can be used to obtain ApKa.
The ESPT process can be illustrated using double-well potential energy curves, as 
depicted in Figure 1.1S. As shown in Figure 1.15, excitation of molecules from die 
ground state (S0) is followed by proton transfer, with subsequent formation of the excited- 
state tautomer (S i’). Emission then occurs from the S i’ state to the ground state tautomer 
(S0’). The consequence of the tautomer emission is the formation of a strongly Stokes- 
shifted emission from the normal St emission. This Stokes-shifted or tautomer emission is 
the result of a dramatic electronic structural change in the molecule upon excitation. This 
phenomenon forms the basis of the intramolecular proton transfer process. The ESI^PT 
process has been used as a source of stimulated emission for applications involving lasers 
due to the complete population inversion created from the formation and depopulation of 
the tautomer emission state (Si’) to S0’> Although there are numerous
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
t
E
II
KETO
TAUTOMER
III
TAUTOMER 
EMISSION /
I IV
Si
So
NORMAL
MOLECULE
R H-X
TAUTOMER
Figure 1.15 Double-well potential curves representing the Excited- 
State Proton Transfer process.
examples of proton transfer, Kasha [144] has outlined five fundamental cases which 
include: (1) symmetric intramolecular proton transfer; (2) concerted biprotonic transfer; (3) 
intrinsic intramolecular proton transfer; (4) proton transfer between distinct groups, and (5) 
proton transfer between proton-acceptor and proton-donor groups via strong catalysis. The 
first case usually involves formation of an intramolecular bond by identical tautomers. In 
the case of biprotonic transfer, static mechanisms of hydrogen-bonded complexes are 
usually involved. Overall, cases (1) and (3) represent true intramolecular proton transfer 
whereas the others are cases in which proton transfer is facilitated through interaction with
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substrates such as organized media. Hence, the latter processes can be considered to be of 
an intermolecular nature.
A classic example of the ESPT process involves the photochemistry exhibited by 
methyl salicylate. Weller [139] first demonstrated that methyl salicylate shows 
fluorescence sensitivity to the hydrogen-bonding ability of the solvent. The molecule 
exhibits dual fluorescence in most organic solvents. With increasing hydrogen-bonding 
ability of the solvent, the ground-state conformational equilibrium is further influenced. 
These solvents promote the formation of one form of the molecule (conformer m , Figure 
1.16) at the expense of the other forms of methyl salicylate. In solvents of lower hydrogen- 
bonding character, an entirely different form (Le., the tautomer) is promoted at the expense 
of the other conformers (Figure 1.16). These effects are due to the processes of inter- and 
intramolecular hydrogen-bonding of methyl salicylate, with the formation of respective 
emission maxima at -  360 and -  450 nm.
The rates of ESPT, usually on the order of 10“ sec'1, can be determined by use of time- 
correlated photon counting techniques. Such rapid rates suggest that the excited-state 
potential energy surfaces present only a single minimum along the PT reaction coordinate, 
which is located at the equilibrium nuclear configuration of the excited tautomer complex 
[144]. The use of inter- and intramolecular proton transfer may be used to provide 
information to characterize the hydrogen-bonding ability of various media through 
understanding of a molecule’s conformational preferences in the ground- and excited- 
states.
Photoisomerization. The photoinduced isomerization of photochemical substances 
is a natural mechanism that is involved is such biological processes as vision and 
phototropism. Photoisomerization specifically involves the interaction of a photochromic 
substance with radiation to induce changes in the conformation of that substance.
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Figure 1.16 Inter- and intramolecular hydrogen-bonded forms of 
methyl salicylate (Conformers III and I*, respectively).
Examples of photochromic substances found in living o rg an ism s include flavins and 
carotenoids. The ability of photochromic materials to undergo photoisomerizatioa reactions 
has been studied extensively [144]. Incorporation of these species in organized and 
constrained media may lead to valuable discoveries such as the creation of novel molecular 
sensors, due to the photoresponsiveness o f the materials. Therefore, the principles of die 
photoisomerization process will be discussed in this section along with some examples of 
molecules that have been investigated in this capacity.
The photoisomerization process usually involves photoinduced cis-trans isomerization 
of azo-aromatic or olefin-type structures. The cis-trans and trans-cis isomerization of 
certain molecules can be promoted quite readily upon irradiation of the species with light of 
the appropriate wavelength. In such systems, the trans isomer is thermodynamically
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Figure 1.17. The trans and cis isomers of stilbene (I and II) and
azobenzene (III and IV).
favored in terms of stability for free molecules. The isomerization can occur slowly or 
rapidly, with the reaction rate largely dependent upon the structure o f the photochromic 
substance and the experimental conditions used. The most common mechanism for 
photoisomerization involves twisting of a molecule about a double bond. Similarly, the 
most common examples of such a mechanism are exhibited by the photochemistry of 
stilbene and azobenzene (Figure 1.17). Experimental evidence on the photoisomerization of 
stilbene in nonpolar media supports the deactivation of trans-stilbene across an energy 
barrier of magnitude -  12 kJ mol*1. This process occurs on a time scale of approxiamately 
70 picoseconds towards lP*, which is the double bond twisted confirmation state. The 
interaction creates a local minimum and facilitates rapid deactivation to the ground state in -
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interaction creates a local minimum and facilitates rapid deactivation to the ground state in ~ 
3 picoseconds. Considering the reverse process (Le., from the cis isomer), the lP* state is 
formed faster than the decay. Thus, cis-trans-isomerization processes are usually studied 
using laser flash spectroscopic techniques [144]. It is not yet clear, however, which form 
predominates for a given excited-state for azobenzene. It is known that photoisomerization 
of azobenzene result in a large change in the structural confirmation of the molecule, 
induced by changes in the molecule’s dipole moment (D) [144]. Furthermore, the distance 
between the para carbon atoms of azobenzene is decreased from 9.0 A  in the trans form to 
5.5 A  in the cis form. Trans-azobenzene exists in a planar form while the cis form is non- 
planar with a large dipole moment (i.e., 3D).
The photochemical consequences of photoisomerization are usually the formation of 
distinct emission forms of a molecule in the ground and excited-states. For example, the 
trans-isomer of azobenzene exhibits strong absorbance in the ultraviolet region at -  320 
nm, a result of the me* transition, with weak absorbance at -  450 nm attributed to the nrc* 
contribution. Upon photoisomerization, the me* band is blue-shifted with an increase in 
intensity of the nrc* absorbance. The color of the azobenzene is thus changed due to the 
photoinduced isomerization. Twisted intramolecular charge transfer is another 
photoisomerization type reaction. As mentioned earlier, the TTCT process involves light 
absorption to the excited-state and intramolecular twisting in the excited-state. TICT results 
in the creation of dual emission for molecules possessing both strong electron donors and 
acceptors, with a Stokes-shifted TICT emission band. For photochromic molecules such 
as stilbene and azobenzene, and those possessing TICT character, the changes promoted in 
dipole moment and charge distribution upon interaction with organized media, could make 
for interesting applications for these systems as probes or photoresponsive sensory tools.
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FOCUS OF THE W ORK
This dissertation will address the application of excited-state intramolecular proton transfer 
and photoisomerization as luminescent probes of organized media. In Chapter 2, the utility 
of 10-hydroxybenzo[h[quinoline (HBQ) for such purposes in cyclodextrins and micelles 
will be discussed, hi Chapter 3 , the ground and excited-state structural orientation o f the 
ESPT molecules known as (hydroxyphenyl)benzazoles (HBAs) in cyclodextrins will be 
discussed, as well as the effects of cyclodextrins and binary solvent mixtures on the inter- 
and intramolecular proton transfer of 2-(2’ -Hydroxyphenyl)benzimidazole. Chapter 4 will 
focus on the fluorescence o f trans-stilbene in ternary aqueous solutions of y-cyclodextrin. 
The effect of y-cyclodextrin and ternary components such as cyclohexane and toluene on 
the photoisomerization of stilbene will be discussed. Lastly, Chapter 5 will highlight 
research concerning the development of rapid detection methods for low-density 
lipoproteins utilizing multidimensional stopped-flow spectrophotometric techniques. In 
addition, a spectroscopic and kinetic investigation of indigo carmine dye in organized media 
will be discussed for use in the development of a novel lipid hydroperoxide assay as well 
as a spectroscopic probe of organized media.
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Chapter 2.
Effects of Organized Media on the Excited-State Intramolecular 
Proton Transfer of 10-HydroxyBenzo[h]Quinoline
Excited-state proton transfer reactions have been the subject o f numerous investigations 
in the literature [1-3]. The fundamentals o f inter- and intramolecular proton transfer have 
been thoroughly reviewed [4] and were briefly discussed in Chapter 1. This chapter will 
focus mainly on the process of excited-state intramolecular proton transfer (ESIraPT). 
When either the acidic or basic moieties of the same molecule become stronger bases or 
acids in the excited-state, intramolecular proton transfer may be facilitated by the formation 
of an intramolecular hydrogen bond between the two moieties. The ESIraPT process 
usually involves transfer of a photon from a donor group to an acceptor such as a nitrogen 
or carbonyl oxygen atom in the excited-state. Upon ESIraPT, the molecule undergoes large 
electronic and structural arrangements, induced by significant changes in the molecular 
dipole moment and geometry. These changes are usually accompanied by large shifts in 
the fluorescence (< 10,000 cm'1), which are the result of the formation of a Stokes-shifted 
tautomer emission for ESIraPT molecules. The ESIraPT process can generally be followed 
by the formation and decay of the Stokes-shifted fluorescence of the tautomers, which 
occurs in a time domain ranging from femtoseconds to microseconds.
Upon ESIraPT, reverse isomerization on the ground-state surface of a molecule occurs, 
creating a cyclic process. Through tautomerization, ESIraPT molecules are afforded some 
degree of photochemical stability. The ESIraPT process can be modeled using double-well 
potential curves, shown in Figure 2.1. There are generally three types of double-well 
curves; (1) symmetric, (2) common asymmetric, and (3) reverse asymmetric. For a 
symmetric double-well potential, there exists two types of vibrationless levels, 0 + and 0 -.
80
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F igure 2.1 Double well potential curves illustrating (a) symmetric,
(b) common asymmetric, and (c) reverse asymmetric 
models of proton transfer.
The symmetric double-well is used to represent ESIraPT systems in which the normal 
and tautomer species are identical, such as for tropolene (TRP, Figure 2.2 [I] and [II]). 
Double-well potential values can be estimated using ab initio methods proposed by 
Somotjai and Homig [4]:
V(x) = Ke (aX 4  - PX3  - yX2) (2.1)
where X represents the proton displacement coordinate, and a , p, and y  are constants. For 
symmetric double-wells, P = 0 . Symmetric double-well potentials also have the same even 
and odd paired energy levels in both wells. The frequency of oscillation between the wells 
can be estimated by [4]:
o> = 2itAE/h (2.2)
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(a) (b)
Figure 2.2 Structures o f (a) tropolone and (b) the tropolone ESI^PT
tautomer.
where AE represents the splitting energy of the levels. For molecules such as 3-hydroxy- 
flavone (3-HF), the ESIraPT is much more complex than that of tropolone and involves the 
formation of different molecular species through tautomerizadon (Figure 2.3). Thus, an 
asymmetry exists in the double-well potential curve. For asymmetrical double-wells, the 
asymmetry can be of similar nature in both the ground- and excited-states (common 
asymmetry) or it can be reversed in the excited-state. The latter asymmetry is believed to 
apply to the ESIraPT of 3-HF. The ESIraPT processes may involve the existence of a single 
minimum or double minima along the excited-state surfaces. The latter situation is usually 
typical for ESIraPT in the absence of a sufficient energy barrier and proceeds very rapidly 
(i.e., subpicosecond). In the case of double minima, potential energy curves of a single 
minimum may occur for both the ground- and excited singlet states (S0  and Sx, structure, 
respectively), producing broad absorbance and emission spectra with no vibronic fine 
structure. The decay of the excited-state tautomer can be potentially used in laser 
applications due to the potential generation of complete population inversions within
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(a) (b)
Figure 2.3 Molecular structures of 3-hydroxyflavone: (a) normal
and (b) tautomer forms.
picoseconds. Such applications have been realized for 3-HF and 3,3'. 4 \7 - 
tetrahydroxyflavone [4]. Spontaneous emission is observed for both ESIraPT molecules in 
polar solvents. Similarly, temperature and matrix effects can also be used to influence and 
amplify the spontaneous emission produced from ESIraPT molecules [4]. Furthermore, the 
dynamics of the ESIraPT process are such that they can be highly dependent upon the 
nature of the solvent, specifically with respect to hydrogen-bonding ability. In the case of 
3-hydroxyflavone, the tautomer emission of the molecule is inhibited through formation of 
intermolecular hydrogen-bonds with solvents such as water, alcohols, and ether. The 
sensitivity o f ESIraPT process to such external effects may make such interactions useful as 
probes of organized and constrained media.
Substituted quinolines and isoquinolines are compounds known to have interesting 
photochemical and photophysical properties. These compounds are commonly used as 
fluorescent probes, standards, and fluorogenic substrates for enzymatic assays [5]. One 
such molecule is 10-hydroxybenzo[h]quinoline, or HBQ (Figure 2.4, a &b).
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(a) (b)
Figure 2.4 S tructures of (a) HBQ, the norm al species, and (b) the
tautom er.
HBQ has found application as a reagent in the preparation of optical filter agents in 
photographic emulsion processes and as a chelating agent for gold cations [6-7]. More 
recently, the compound has been reported to have potential application as an agent in 
radiation-hard scintillators [8 ].
HBQ is a fused heterocyclic compound that contains both a pyrindinic nitrogen and a 
phenol group. The functional groups are arranged in position relative to each other so as to 
promote strong intramolecular hydrogen-bonding, resulting in the formation of a keto- 
tautomer (Figure 2.5a') that has a large Stokes-shifted emission relative to the absorption 
energy of the molecule (Figure 2.5a). Compounds such as HBQ which undergo ESI„PT 
have been used in lasing systems as sources of spontaneous emission, molecular energy 
storage applications, and radiation detectors [9-11].
There have been only a few reported cases of excited-state proton transfer between the 
nitrogen atom and hydroxyl group in two separated aromatic rings of the same molecule
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[8 ]. One case involves 7-hydroxyquinoline (HQ) which, in the presence of protic solvents 
can undergo intermolecular proton transfer, hi the case of HBQ (Figure 2.4a), there is an 
additional fused benzene ring relative to 7-HQ which leaves the hydroxy group in the 10th 
position. With this particular orientation, strong intramolecular hydrogen-bonding between 
the -OH proton and nitrogen atom is more favorable. Moreover, the configuration 
produces one of the largest Stokes-shifted tautomer emission forms amongst the ESIraPT 
systems studied (600 nm, d>f -  0.02) [8 ]. Furthermore, HBQ exhibits three distinct 
qualities which make it more advantageous in application over other ESIPT molecules: (1) 
good stability, which minimizes photodecomposition in high intensity beam radiation 
research, (2 ) long wavelength emission, which is useful for avoiding possible interferences 
from radiation sources, and (3) large separation of absorption and emission energies 
(Figure 2.5 a,a’), minimizing reabsorption effects [8 ].
Part I. ESIraPT of HBQ in Cyclodextrins 
The ability of cyclodextrins (CDs) to perturb certain photochemical and photophysical 
properties of compounds makes the molecules widely useful in many chemical processes 
[12-14]. Specifically, in the area of spectroscopy, CDs have been employed in the 
investigation of excimer formation, energy transfer, and analysis of the twisted 
intramolecular charge transfer state (TICT) [15-17]. Intermolecular proton transfer has 
been used to probe the microenvironment of cyclodextrins and proteins [18-19]. In this 
study, however, we were interested in the interaction of HBQ, an intramolecular proton 
transfer molecule, with cyclodextrins. Such interactions could provide greater stability and 
enhancement of spectroscopic properties through inclusion and association phenomena. 
Thus, in this research, we were interested in studying this new ESI„PT system in the 
presence of cyclodextrins. Fluorescence and absorbance measurements are used to 
examine the effect of a-, |5-, and y-cyclodextrins upon the spectroscopic properties of
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Figure 2.5 Excitation region o f absorbance spectrum (a) and
emission spectrum (a') o f HBQ (5.0 x l 0 ‘ M) in 
water.
HBQ. The focus of this work is to test the influence of the CD microenvironment upon the 
spectroscopic properties and ESIraPT of HBQ, as observed through changes in the 
tautomer emission of the molecule.
EXPERIMENTAL
M aterials. HBQ was synthesized by one of us (PTC) and was recrystallized once 
from heptane and EtOH. The a -, (3-, and y-CDs were obtained from American Maize 
Products Co. (Hammond, IN.) All alcohol and other solvents were of HPLC and/or 
spectroquality grade (Mallinckrodt/EM Science) and were used without further purification.
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Apparatus. Absorbance measurements were performed on a Perkin-Elmer Lambda 3 
spectrometer, and a Shimadzu UV-3101PC UV-vis-near IR scanning spectrometer. 
Steady-state fluorescence measurements were acquired by use of a Spex Model P2T 211 
spectrofluorometer, and a Photon Technology International (PIT) LS-100 luminescence 
spectrophotometer. Samples were measured in 1 cm2  quartz cells using excitation and 
emission bandwidths o f 2.0-4.0 nm. All measurements were performed at ambient room 
temperature unless otherwise indicated.
M ethods. P reparation  o f Samples with C yclodextrins. A 1.0 x 10“* M 
aqueous solution of HBQ was prepared by pipetting a 2.5 mL aliquot of a 0.010 M 
HBQ/EtOH stock solution into a 250 mL flask. The EtOH was evaporated under dry N2 , 
and the flask containing the residue was filled to the mark with deionized water, sonicated 
for 20 min, and allowed to equilibrate for 12 h. A 0.5 mL aliquot of the aqueous HBQ 
solution was transferred to individual 10 mL flasks, and a volume of aqueous cyclodextrin 
( a - ,  (3-, and y-CDJ was added to yield the desired concentration. A 2.0 mL volume of 
phosphate buffer was added to the HBQ/CD samples to achieve pH- 7.0, and the flasks 
were filled to the mark with water, yielding a final HBQ concentration of 5.0 xlO^ M. The 
concentrations of the cyclodextrins ranged from 2.0 xl0~* M to 0.01 M. The 
HBQ/cyclodextrin samples were allowed to equilibrate overnight and were purged with N2 
gas prior to analysis. Reference solutions for absorbance studies contained the same 
concentrations of a -, (3-, and y-cyclodextrins and were diluted to the mark with water.
Quantum  Yield D eterm inations. The quantum yield of HBQ in water and 
cyclodextrins were determined using Parker's method [20]. Dilute solutions of HBQ in 
water and in the various cyclodextrins (10.0 mM a -, P-, and y-CD^) were prepared with
the absorbance and fluorescence spectra obtained. The absorbance of the samples were 
maintained below 0.05. Quinine sulfate in 0.1 N H2SQ4 was used as a fluorescence
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standard (4>f=0.545) [21]. The quantum yield values were calculated using the following 
equation:
*  x Fun -  n2(soiv)
“ "  *s Aun Ti2(water) (2 .3 )
where d>, F, and A are the quantum yield, peak area and absorbance at the excitation 
wavelength, and q  the refractive index; t and un represent the standard and unknown, 
respectively.
RESULTS AND DISCUSSION
Spectral P roperties of HBQ in V arious Solvents. The tautomer emission of 
HBQ was monitored in the presence of aprotic and protic solvents to determine the effect of 
these media upon the ESI^PT emission of the molecule. The apparent trends versus Ej.(30) 
values (X ^  and $f) appear in Table 2.1. In the presence of both protic and aprotic 
solvents, the tautomer emission of HBQ was only slightly influenced. For example, in the 
presence of cyclohexane, the X ^  is observed at 625 nm. This suggests very efficient 
production of the tautomer in the aprotic hydrocarbon media. In protic solvents such as 
EtOH and water, the X ^  is blue-shifted to 600 nm and 590 nm, respectively, indicating 
slightly less efficient production of the HBQ tautomer. The structure of HBQ is such that 
upon tautomerizadon the formation of a strong six-membered ring results from the 
intramolecular hydrogen bond between the N atom and the hydroxyl group. Unlike other 
ESIraPT molecules (e.g., HBAs, Chapter 3), this particular orientation promotes efficient 
production of the tautomer even in solvents o f different hydrogen -bonding character. 
Furthermore, Syntik and Del Valle [22] have demonstrated that even in DMSO, which is a 
solvent that is usually an effective inhibitor of ESI^PT, HBQ does not exhibit any other 
bands signifying the formation of any other species (e.g., the ground-state anionic form of 
the molecule). In DMSO, the tautomer emission of HBQ is still observed at 612 nm [22].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
Table 2.1 Spectral properties of HBQ in various solvents
SOLVENT Er(30)
(kcal/mole)
* r
Cyclohexane 625 nm 31.2 0.018
DMF 614 nm 43.8 0.038
DMSO 612 nm 45.0 0.027
Acetonitrile 611 nm 46.0 0 . 0 2 1
EtOH 600 nm 51.9 0.033
MeOH 598 nm 55.0 0.030
Water 590 nm 63.1 0.023
HBQ in C yclodextrins. Figure 2.6 depicts the influence of various cyclodextrins 
(a-, p-, and y-) upon the Stokes-shifted emission of HBQ. A marked enhancement of the 
emission of HBQ at 590 nm is observed for solutions in P- and y-cyclodextrin, most 
dramatically in P-cyclodextrin. A spectral shift of the emission spectra of HBQ to longer 
wavelengths (588-610 nm) occurs upon increasing the concentrations of both P- and y- 
cyclodextrin to 0.010 M. The shift relative to HBQ alone in y-cyclodextrin is shown in 
Figure 2.7. These spectral lead to the suggestion that a preferential binding of HBQ occurs 
within the hydrophobic (nonpolar) cyclodextrin cavity. Further, these red-shifts are in 
agreement with solution studies of HBQ vs. solvent polarity. As solvent polarity (i.e., 
Er(30) values) is decreased, the tautomer fluorescence of HBQ is observed to experience a 
shift to longer wavelength.
The tautomer fluorescence intensity of HBQ increases linearly with increasing 
concentrations of p- and y-cyclodextrin, and begins to level of at concentrations above 6  
mM. These trends allow us to predict concentrations at which complete complexation is
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achieved. The spectral red-shifts and enhancement of HBQ tautomer emission in these 
CDs further support the notion that the molecule is located within the apolar cavity of die 
cyclodextrin molecule. The lack of enhancement o f the Stokes-shifted emission o f HBQ in 
solutions containing a-cyclodextrin is believed to be due to spatial restrictions of the a-CDx 
cavity (~ 5.9 A).
Hansen et al.[23] studied the intermolecular excited-state proton transfer of protonated 
1-aminopyrene complexed with $-cyclodextrin and found that the rate o f proton transfer 
was increased by a factor of 2-3 orders of magnitude relative to that in water. It was 
inferred that the hydrogen-bonding interactions around the cavity o f the ^-cyclodextrin 
molecule influenced the proton transfer rate, based on a spectral blue shift of 1- 
aminopyrene, along with increased quantum yield of fluorescence. Similarly, 
Chattopadhyay [24] studied the rate of excited-state intermolecular proton transfer for 
carbazole and 2-naphthylamine (2-NA) using steady-state and time resolved emission 
spectroscopy. The results indicate an increase in the deprotonation rate o f the carbazoIe-CD 
complex and a decrease in that of the 2NA-CD complex. These data can be used to suggest 
that excited-state proton transfer is dependent not only on the microenvironment of the 
molecule imposed by cyclodextrin but also upon the nature (i.e., structure) of the 
compound itself. Baraka et aL [25] studied the inclusion complexes o f the three electronic 
states of 4-(N,N-dimethylamino)benzonitrile with ^-cyclodextrin. A 1:1 stoichiometry was 
found for all three reactions, and the data further suggest that the different excited-states 
occupy different microenvironments within the P-CD cavity. With respect to HBQ, time- 
resolved emission studies indicate that the rate of ESItaPT is ultrafast (» 1 0 11 s*1) in 
bothprotic and aprotic solvents [26], resulting in approximately unit efficiency production 
of the tautomer in the excited-state. Furthermore, purging the samples with N2 gas prior to 
analysis did not result in any change in the tautomer emission intensity o f HBQ, suggesting
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2.6 Influence of (a) a -, (b) y-, and (c) fJ-cyctodextrins upon
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2.7 Influence of y-CDx upon the tautomer emission of HBQ
(5.0 x 1 0 ‘ M): (a) 0.0 M ; (b) 2.0 xlO*4 M y-CD,;
(c) 6.0 xlO*3 M y-CD,.
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that deactivation by quenching (e.g., by dissolved oxygen) is minimal. Thus, the increase 
of the quantum yield of the tautomer emission of HBQ in cyclodextrins (Table 2.2) is not 
due to the enhancement of the rate of ES^PT but rather the decrease of the rate of the
radiationless transition due to the spatial and hydrophobic interaction with 3 * and y-
cyclodextrin.
Table 2.2 Quantum yields of HBQ in water & cyclodextrins (CDs)
CYCLODEXTRINS QUANTUM YIELD (<&r)
Water, pH 7 0 . 0 2 0
a-CDx 0 . 0 2 1
3-CDt 0.035
Y-CD, 0.029
‘CD concentrations were 10.0 mM in all cases.
This proposed mechanism of HBQ included in both 3* and y-cyclodextrins can be 
definitely proven by the steady-state absorption spectra. Figure 2.8 depicts the general 
trend of HBQ absorbance versus concentration of cyclodextrin. The absorbance 
maximum, at 238 nm , was observed to undergo a slight decrease with increasing 
concentrations of cyclodextrin (Le., 3- and y-CDx). Analysis of the SQ-Si One*) excitation 
region of the spectra (i.e., 370 nm) reveals similar trends with increasing concentrations of 
cyclodextrin, indicating that the electronic configuration of HBQ is mediated by the spatial 
and hydrophobic interaction with 3- and y-cyclodextrin. In addition, a slight red shift is 
observed relative to HBQ alone as [3-CDJ is increased, both at the maximum wavelength 
(238 nm) and the rat* excitation region o f the spectrum. Such shifts are usually observed 
upon interaction of a probe molecule with cyclodextrin.
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Figure 2.8 Influence of (a) a -, (b) 3-, and  (c) y-cyclodextrin upon 
the absorbance of HBQ (5.0 xlO'* M ). Data recorded at 
the absorbance maximum (238 nm ) for HBQ.
Stoichiom etric R atio/B inding Strength Between CDs and HBQ. Benesi- 
Hildebrand plots [27] can be used to better understand the stoichiometiic relationship 
between host (CD) and guest molecules, as well as the strength of an arrangement of 
association. Assuming a 1:1 complex between HBQ and CD, the equation would be given
by:
HBQ + C D [ H B Q . C D ] (2.4)
and the equilibrium constant for the complex is given by:
K _ [HBQ.CD]
1 ~ [HBQ][CD] (2.5)
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where K.t is the equilibrium constant, [HBQ], [CD], and [HBQ.CD] are the concentrations 
of the HBQ, CD, and the complex, respectively. The concentration o f cyclodextrin is large 
with respect to that of the complex, Le., [CD]» [HBQ.CD]. We can assume that [CD] 0  = 
[CD], where [CD] 0  is the initial analytical concentration of cyclodextrin. Thus, the 
following equation is derived:
1 _  1 + K[[HBQ] 0
[HBQ.CD] K1[HBQ]0 [CD] 0  (2.6)
where [HBQ] 0  = [HBQ] + [HBQ.CD] and [CD] 0  = [CD] + [HBQ.CD] = [CD]. The 
fluorescence intensity of HBQ in the presence ( I)  and absence (Io ) of CD is proportional to 
[HBQ.CD] and [HBQ], respectively. The values can be substituted into equation (2.5) to 
yield
1 _ 1 1
I-Io I i - l o  K ^CDlod-Io) (2.7)
Thus, in the case of a 1:1  complex, a plot of l/( I - Io )  vs. 1 /[C D ] should yield a straight line.
Similarly, for a 2:1 complex, the equilibrium constant and equation are given by
[HBQ] + [2C D ]^= ^[H B Q .C D 2] ( 2  8)
K2  = [HBQ.CD]/[HB Q] [CD] 2  ( 2  9)
Assuming that [CD] » [HBQ.CD2 ].[HBQ.CD], one can derive the equation
-- 1 . -  - I - .  , 1
I - Io I l - Io  K2[C D fc(I-U  (2.10)
A straight line should be obtained when l /( J - Io )  vs. 1 /[C D ]2 is plotted. A  Benesi-
Hildebrand plot assuming 1 :1  association between (3-CDx and HBQ is found to give a
linear regression with a correlation coefficient (r) o f0.994 (Figure 2.9a). A plot assuming
a 2:1 association of HBQ:p-CDx reveals a regression showing an upward curvature (Figure
2.9b). This deviation suggests that the stoichiometry of the complex is not 2:1. Similarly,
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a Benesi-Hildebrand plot assuming a 1:1 hosfcguest interaction between HBQ and f-CDx 
has a linear regression with a correlation of 0.988. Conversely, a  plot assuming a 2:1 
association has a regression showing upward curvature, again suggesting that the complex 
formation does not have a 2:1 stoichiometry (HBQry-CDx). Both p-CDx and y-CDx have 
identical cavity lengths, but different cavity diameters (Le., 7.8 and 9.5 A , respectively). A 
2:1 HBQ:y-CDx complex is plausible considering cavity diameter. Both p-and y-CDx, 
however, have similar cavity lengths (0.78 A),  which may restrict the accommodation of 
two HBQ molecules into one p- or y-CDx cavity. The highest degree of linearity was 
observed for HBQ in P-CDX, suggesting that the stoichiometry of P-CDX with HBQ is 
mostly 1:1. The formation constants of (K) can easily be calculated from the linearized 
Benesi-Hildebrand plots by dividing the intercept by the slope. Benesi-Hildebrand plots, 
however, place more emphasis on lower concentration values than on higher concentration 
values. Thus, the slope of the line is more sensitive to ordinate values of the point with the 
smallest concentration. An alternative approach to this method is to use the K values 
calculated from Benesi-Hildebrand plots (i.e., a linear regression) as estimates for 
parameters in the non-linear (NLR) graphical method [28]. The NLR program provides 
estimates for K by fitting the data through iteration, using the following equation 
(assuming a 1 :1  interaction):
r Io  4- I^ C P lo
l + K t [ C D ]0 a i l )
Table 2.3__________ Estimated formation constants of HBQ in cyclodextrins
MEDIA K(M l) logK
P-CDX 513 2.71
Y-CDX 263 2.42
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where I is the measured intensity o f HBQ at a given CD concentration. The formation 
constants for HBQ in 0- and y-CDx appear in Table 2.3.
Part II. Effect of Ionic and Nonionic Micelles upon 
the ESIraPT of HBQ
Similar to cyclodextrins, surfactants, through the formation of micelles, can provide a
region of hydrophobicity upon interaction with probe molecules with the hydrophilic head
of the specific surfactant The organized micellar media can then serve to protect the
compound from external quenchers in solution. As with cyclodextrins, there have beat
few studies involving proton transfer reactions of probe molecules with micelles.
Pesavento studied the protonation of sulfonephthalein indicators and dyes in the presence
of cationic surfactants [29]. The data were used to infer that the distribution of charged
species between the compound and surfactant is dependent upon the potential difference at
the interface [29]. Thus, in this section, we were interested in studying the influence of the
nonionic surfactant polyoxyethylene(23) lauryl ether (Brij-35) and the ionic surfactants
sodium dodecyl sulfate (SDS) and hexadecyltrimethyl ammonium bromide (CTAB) upon
the spectroscopic, and hence the ESIraPT of HBQ.
EXPERIM ENTAL
M ethods. Preparation of Sam ples with Surfactants. An aqueous solution of
HBQ (1.0 x 10*5  M) was prepared as previously described for samples of cyclodextrins. A
5 mL aliquot o f the aqueous HBQ was transferred to 10 mL flasks, and a measured volume
of aqueous surfactant solution was added to achieve the desired concentrations in solution.
All of the flasks were filled to the 10 mL mark with deionized water to yield 5.0 xlO*6  M
HBQ in all cases. Surfactant concentrations ranged from 1.0 xlO' 3 to 5.0 x 10*2 M for
SDS, 1.0 xKT* to 2.0 x 10' 2 M for CTAB, and 2.0 x l0 's to 1.0 xlO-4 M for Brij-35. All
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blank solutions for absorbance studies contained the appropriate concentration of 
surfactant.
RESULTS AND DISCUSSION
Upon addition of all three surfactants individually, HBQ was observed to undergo a 
slight increase in absorbance. In the presence o f significant amounts of the nonionized 
surfactant Brij -35 ( -  1.0 x l0-4 M), HBQ experiences an enhancement of absorbance with 
a loss in vibronic fine structure. No apparent shifts in the absorbance spectrum of HBQ 
were observed in the presence of Brij-35. In the presence of SDS (anionic) and CTAB 
(cationic) surfactants, however, there was an observed enhancement of HBQ absorbance 
accompanied by a shift to longer wavelength. These shifts were observed for both the 
region of maximum absorbance and for the Si-S0  (rot*) region of the HBQ absorbance 
spectrum. The spectral enhancement and spectral shifts for HBQ in the presence of SDS 
are shown in Figure 2.10 (a and b). The shift to longer wavelength is indicative of a less 
polar microenvironment for HBQ. With respect to the observed enhancement in 
absorbance, HBQ undergoes a more pronounced fluorescence enhancement in the presence 
of these micelles. The most pronounced enhancement was observed for HBQ in CTAB 
and SDS. The influence o f and CTAB upon HBQ fluorescence is depicted in Figure 2.11 a 
and b, respectively.
Both plots show an initial linear transition at lower surfactant concentrations, followed 
by a plateau region at moderate concentrations. At higher surfactant concentrations, the 
fluorescence shows another region of increased emission, followed by another region 
where the spectrum reaches a plateau. The transitions in the graph may correspond to the 
formation of different co-micellar structures with HBQ. Earlier studies of HBQ showed no 
evidence of dimerization or solvent-solute complex formation [8 ].
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Figure 2.10 Absorbance of HBQ (5.0 x l0  ‘ M) in the presence of 
SDS between (a) 230*250 nm and (b) 350-370 nm with 
0.0 mM, 5.0 mM, and 10.0 mM SDS.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
Furthermore, upon addition of higher concentrations of SDS and CTAB ( 20 and 2 
mM, respectively), the Stokes-shifted emission undergoes a red-shift, from 588 to 610 nm. 
This spectroscopic shift is, again, indicative o f HBQ in less polar media and may be caused 
by the formation of a micellar complex.
Surfactants are known to aggregate or deaggregate dyes such as PABT and Auramine O 
[30-31], based on the type of charge possessed by the specific surfactant With HBQ, 
however, enhanced absorbance and fluorescence are observed for both nonionized and 
ionized surfactants. The ionized surfactants, however, induce a red-shift in the ESIraPT 
emission at higher concentrations of surfactant These data allow us to suggest the 
formation of a stronger binding interaction of HBQ in the vicinity of the charged surfactants 
as opposed to that of the nonionized Brij-35 surfactant Transitions in the emission 
intensity of HBQ with increasing concentrations of SDS and CTAB surfactants are 
observed at concentrations near and above the cmcs of the surfactants (Figure 2.11 a and 
b). These regions of maximum emission intensity with increasing surfactant concentration 
were recently observed for interactions of Auramine O with Brij-35 and SDS surfactant. 
The leveling off o f the dye intensity observed with increasing surfactant concentration is 
believed to be the result of a complete dye-surfactant interaction, along with subsequent 
disaggregation of the Auramine O by the surfactants [31]. It was further assumed that, in 
the case of a complete probersurfactant interaction, the molecules of Auramine O are 
individually bound to the micelles. If we assume a 1:1 interaction of HBQ with the 
surfactants SDS, CTAB, and Brij-35, double reciprocal plots can be used to calculate 
estimates of the apparent HBQrmicelle binding constants. Typical double reciprocal plots 
of HBQ in Brij-35 and SDS surfactants are shown in Figure 2.12, a and b, respectively. 
The K values obtained from these linear plots were obtained and used as estimates in the
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surfactants on the tautomer emission of HBQ. The ones  
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nonlinear regression (eq 2.11) program. The estimated K values appear in Table 2.4 and
further indicate that stronger interactions of HBQ with the charged (SDS, CTAB)
surfactants occur than with the nonionized Brij-35 surfactant
Table 2.4 Formation constants and quantum yields for HBQ in
m icelles
MICELLE K(M ‘) log K * r
CTAB 251 2.40 0.060
SDS 115 2.06 0.052
BRU-35 70.8 1.85 0.040
The transitions observed for HBQ fluorescence with increasing concentration of surfactant 
could further indicate concentrations at which the cmc of the various micelles occur. 
Chattopadhy et al. [32] studied the excited-state proton transfer reaction for carbazole in 
nonionic (Triton X-100) and ionic (CTAB and SDS) micellar media using spectroscopic 
methods. In aqueous solutions of carbazole at specific values of pH, changes in the slopes 
of the curves o f intensity ration of carbazole versus concentration of surfactant were 
observed.
These breaks were believed to correspond to the cmcs of the surfactants in the specific 
media (acidic or basic). Similar changes in slope of the curves of HBQ fluorescence 
intensity vs surfactant concentration are observed (Figure 2.12 a, b). Slight transitions in 
the plots are observed in the vicinity of the cmcs of the three micelles SDS (8.2 mM), 
CTAB (1.0 mM), and Brij-35 (0.07 mM) [33] in aqueous media at neutral pH. Thus, the 
ESIPT of HBQ can be used as a probe for monitoring the phase transformation of micelles 
in water.
SUMMARY
In view of these findings, the enhancement of HBQ’s fluorescence in cyclodextrins, as 
well as the molecule’s absorbance and fluorescence in micellar media, may be attributed to
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the provision o f a more favorable environment by the organized media. This hydrophobic 
environment seems to reduce the rate of radiationless transition of the excited tautomer 
state. The observed enhanced and spectral-shifted ESIraPT emission could have future 
application in improving the characteristics o f HBQ as a potential agent in radiation-hard 
scintillators. Furthermore, the ability of HBQ to depict changes in the microenvironment of 
cyclodextrins and micellar media suggests its potential as a probe of these media. 
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Chapter 3. 
Ground and Excited-State Structural Orientations of 
2-(2' -Hydroxy phenyI)benzazoles in Cyclodextrins
Hydroxyphenylbenzazoles (HBAs, Figure 1) are a  class of compounds that are known 
to exhibit complex photochemical and photophysical properties and have thus been studied 
extensively [1-3]. Specifically, these molecules undergo very fast (~ 101 2  sec-1) excited- 
state intramolecular proton transfer (ESIraPT) reactions to form phototautomers [4-5]. The 
photophysical behaviors of the HBAs are shown to be different in polar, protic solvents as 
compared to that observed in aprotic, nonpolar media. For example, the phototautomers of 
the molecules have been demonstrated to be more efficiently produced in hydrocarbon 
solvents as compared to alcohols or water due to less (or absence of) competition between 
intramolecular and intermolecular hydrogen bonding with the solvent molecules [6-7]. As 
a result, in solvents of different polarity and pH, different emitting forms (e.g., neutral, 
anion, cation, and tautomers) of the HBAs are observed , indicating complex excited-state 
proton transfer (ESPT) equilibria [3,4,8]. The formation of different rotameric (i.e., cis- 
and trans-) keto as well as zwitterionic tautomers upon electronic excitation have also been 
proposed in the literature [3-5, 8 ]. In addition, recent studies have indicated a unique 
relaxation process [9], which involves torsional motion about the C i-C 'i bond in these 
molecules. The hydroxyphenylbenzothiazole analog is believed to possess a lower 
rotational energy barrier and is thus considered to rapidly undergo ESPT to produce cis- 
and trans-phototautomers. Cohen et aL[10-ll] were the first to observe the Stokes-shifted 
emission of HBT and to suggest that the molecule undergoes photochromic ESIraPT, 
(Figure 3.2) [12]. Other studies show that as many as four intermediates could be 
involved in the phototropism of the HBT molecule [1,7]. Itoh et al. [13] studied the 
ESIraPT of HBT and found evidence to support the formation of two ground-state
106
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Figure 3.1 Structures of 2-(2’-Hydroxyphenyl)benzazoles
(HBO, HBT, and HBI) and 2-(2’-Methoxyphenyl)- 
benzothiazole (MBT).
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Figure 3.2. Structure of (a) 2-(2'-Hydroxyphenyl)benzothiazole
(HBT) and (b) the HBT tautomer formed through 
ESI„PT.
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tautomers, with excited-state equlibria existing for the (kk*) tautomers. HBO has been 
shown [14-15] to have similar fluorescence behavior to HBT. It is believed that the 
ESIraPT of HBO involves emission, intersystem crossing, and internal conversion [16]. 
Hydroxyphenylbenzim i dazole (HBI), however, is different from both HBO and HBT, and 
is believed to exhibit two different intramolecularly hydrogen bonded isomers in the ground 
electronic state that lead to distinctly different excited-state phenomena (Sq) [5].
Specifically, HBI exhibits a strong normal and tautomer emission, whereas both HBO and 
HBT exhibit very weak normal emission.
Recently, the influence of cyclodextrins upon the photochemical processes of organic 
molecules has received much attention in the literature [17-20]. The ability of CDs to 
include molecules within their hydrophobic interior has led to observations of increased 
solubilization [2 1 ] and enhanced fluorescence intensity for complexed guest molecules
[22]. Upon inclusion into the CD cavity, the photophysical properties o f the guest 
molecules are often changed. This has been utilized to shed light on the structures of 
molecules in solution. For example, the influence of CDs upon the photoactivity of anil 
molecules has recently been investigated [23]. The anils, N-5-chlorosalicyl-ideneaniline 
and N-salicylidene-2-aminopyridine, are shown to display photochroism upon interaction 
with (3- and Y-cyclodextrin. Agbaria and Gill [24] first reported the formation of extended 
linear aggregates through hostrguest interactions of 2,5-diphenyloxazole (PPO) with 
cyclodextrins. Recently, Agnew et aL [25] have shown these extended linear aggregates of 
PPO:y-CDx exhibit phase transition patterns through disassembly of the aggregates, 
facilitated by changes in temperature and pH. In a previous chapter of this dissertation the 
photochemical properties of the ES^PT molecule 10-hydroxybenzo[h]quinoline (HBQ)
[26], and the influence of CDs and micelles upon its electronic spectral properties were
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presented. The tautomer emission intensity of HBQ is significantly enhanced through 
inclusion of the molecule within the hydrophobic (i- and y-cyclodextrin cavities.
Another interesting property of CDs is their ability to induce chirality into an achiral 
molecule when included into its cavity. This phenomenon is unique for molecules 
containing chromophoric groups (e.g., aromatic compounds) because, upon complexation 
with CDs, circular dichroism is induced (Chapter 1). The induced circular dichroisms 
(ICD) o f many aromatic compounds have been reported [27-29] in the literature. This ICD 
signal is specific for a particular guest molecule and only those molecules which are 
significantly included into the CD cavity exhibit ICD spectra. Furthermore, the ICD 
spectrum of a complexed molecule is often similar to its electronic absorption spectrum. 
Since an electronic spectrum of a molecule gives an idea of its ground state structure, the 
ICD spectrum can be used to depict a particular molecule's orientation within the CD 
cavity. This can be used further to indirectly provide information concerning the geometry 
of the uncomplexed form of the molecule, as well as the location of the molecule with 
respect to the CD cavity.
Part I. ESIraPT of Hydroxyphenylbenzazoles in 
Cyclodextrins
Molecules such as hydroxyphenylbenzazoles may, through the formation of inclusion 
complexes with the CDs, be afforded some protection from external quenchers in the bulk 
aqueous phase. Encapsulation of these molecules may also minimize other competing 
deactivation routes (e.g., cis, trans-isomerization , etc) from the excited state. In this 
section, we examine the influence of a -, p- and y-cyclodextrin upon the spectroscopic 
(i.e., absorbance and fluorescence) properties of HBI, HBO and HBT. To compare the 
spectral characteristics and hence structural orientation, we have also included 
spectroscopic and induced circular dichroism studies of the HBAs and of 2-(2-
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methoxyphenyl)benzothiazole (MBT). The focus of this study is to investigate the possible 
existence of different retainers o f the HBAs in the ground (S0) and excited (S,) electronic 
states, as well as the effects o f the CDs on the ground and excited state acidities of the 
molecules.
EXPERIM ENTAL
M aterials. HBO was obtained from Sigma Chemical (St. Louis, MO.). HBT, HBI, 
and 2-[2'-methoxyphenyl]benzothiazoIe (MBT) were synthesized and purified using 
procedures reported in the literature [4,30]. Specifically, HBT was synthesized by 
refluxing aminothiophenol and 2-hydroxybenzaldehyde in glacial acetic acid (2.0-4.0 h). 
Similarly, HBI was synthesized refluxing o-phenylenediamine and 2-hydroxy benzoic acid 
in polyphoshoric acid at 170 °C (12.0-16.0 h). MBT was prepared by dissolving HBT in 
aqueous NaOH, with dropwise addition of dimethyl sulfate ((CH3) 2SO J. These products 
(including HBO) were purified by recrystallization from EtOH, column chromatography, 
and vacuum sublimation with the purity assessed using TLC, HPLC, and NMR. The a - , 
(3-,and y-cyclodextrins (a-CD x, |3-CDX and y-CDx) were obtained from Sigma and 
American Maize Products CO. (Hammond, IN.). The 2,6-Di-O-methyl-p-cyclodextrin (|3- 
CD J was obtained from Fluka Chemical (Ronkonkoma, NY). All other chemicals were 
obtained from Sigma and were used as received. Anhydrous cyclohexane and ethanol were 
obtained from Aldrich (Milwaukee, WI). All other solvents were of HPLC and/or 
spectroquality grade (Mallinckrodt/EM Science) and were used without further purification.
M ethod. P reparation  o f Sam ples in C yclodextrins fo r S pectroscop ic  
stud ies. Due to the low solubility of the hydroxyphenylbenzazole compounds in water 
(~10‘7  M), crystals of purified HBO/HBT/HBI were added to 50.0 mL volumes of 
phosphate buffer (pH 7.0) prepared in distilled, deionized water (PureLab). These 
solutions were sonicated for 15-20 min and allowed to equilibrate for 30-40 min. The
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separate solutions of azoles were then filtered using 0 . 0 2  pm membrane syringe filters 
(Nalgene) to obtain saturated solutions of the compounds in aqueous media. Equivolume 
amounts of the saturated solutions of azoles were pipetted into flasks containing 
appropriately weighed amounts of solid CDs to yield the desired concentrations in solution. 
These solutions were diluted with phosphate buffer (pH 7.0) and allowed to equilibrate for 
10-12 hours. The reference solutions for the absorbance studies contained the same 
concentrations of a -, 0-, f -  and 2,6 Di-O-methyl-P-cyclodextrins and were diluted to the 
mark with deionized water.
To prepare samples for absorbance and induced circular dichroism (ICD) studies, 
purified crystals of each of the various hydroxyphenylbenzazoles were added to separate 
vials. A buffered solution of monosodium/disodium phosphate (pH 7.0) was prepared and 
filtered using 0.45 micron nylon syringe membrane filters (Nalgene) to eliminate 
particulates. Stock solutions of a-C D t, 0-CDt, y-CDx. and 2,6-Di-Omethyi-0-CDm (0- 
CDm) were prepared by dissolving appropriate amounts of each cyclodextrin in the 
prepared phosphate buffer to make 10~2 M solutions. Similarly, these cyclodextrin stock 
solutions were filtered after preparation using 0.45 micron membrane syringe filters. 
Solutions of the hydroxyphenylbenzazoles were prepared (10'2 M) in ethanol (EtOH). The 
500 pL aliquots of each of these stock solutions were pipetted into separate vials and the 
EtOH was completely evaporated under a stream of dry N2. Appropriate volumes of 
cyclodextrin stock solutions were added to the vials and diluted to 5.0 ml with phosphate 
buffer (pH 7.0). The solutions were equilibrated with the hydroxyphenylbenzazole 
crystals deposited on die inner wall of the vials for 24 hours at room temperature. After 
equilibration, the solutions were filtered using a 0 .0 2  micron pore size syringe filter 
(Nalgene) to remove the excess hydroxyphenylbenzazole crystals.
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Determination o f Binding Constants. The binding constants and stoichiometric 
ratios of the inclusion complexes of the HB As with CDs were estimated from the Benesi- 
Hildebrand (BH) plots using fluorescence as well as ICD data. The derivation of the BH 
relationships have been discussed elsewhere (Chapter 1) and therefore will not be detailed 
here. Equations (2.7) and (2.10) were used for estimating 1:1 and 2:1 CD:HBA 
association. Modified Benesi-Hildebrand relationships were used to estimate apparent 
formation constants from the ICD data [31]. In general, the ellipdcity o f a cyclodextrin 
hostguest solution can be assumed to be a function of the optical activity o f the free and 
complexed guest (HB A and HB A.CD, respectively), such that:
0 = [0HBa1 (ChBA *n) + [®HBA.ClJn (3.1)
where [6 h b a ]  and [9cd] denote the molecular ellipticities of the guest and complex, 
respectively, Chba and n represent the concentrations of guest and the complex, 
respectively. Using a modified BH equation, the following relationship can be obtained: 
C cd C hba ~ O p  ~ n +  1
A0 A0HBA.CD K A0HBA.CD K (3.2)
where A0hba.cd = [®hba.cd] • [®hba] and A0 = 0/Chba * [©hbaJ- Thus, from a plot of 
Ccd/A0 versus Chba + Ccd. preliminary estimates o f K were obtained. The 
concentrations of the complexes were estimated by substitution of K into the equilibrium
equation:
K = ------------ 2 __________
(Chba • n)(Cco - n) (3 .3 )
Convergent values of K from the ICD data were obtained by performing iterative plots of 
Ccd/A0 versus C hba+  CcD -n.
M easurem ent o f acidity constants (pK ^s). The acidity constants of the azoles 
in fJ-CDx were determined spectrophotometrically. Saturated solutions of the HB As in (3-
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CDX (i.e., 5.0 mM) were prepared as described previously. The following buffers were 
prepared and used for this study: 0.1 M Na(CH3)2A s02• 31^0/0.1 M H Q  (pH 2.0-7.0); 
0.1 M NaHjPO/ NajHPO* (pH 7.0-8.7); 0.1 M  Na^CO/O.l M NaHCO, (pH 9.0-10.70); 
and 0.1 M N ajHPO /O .l M NaOH (pH 11.0-12.50). The pK, values were obtained from 
Henderson-Hasselbalch plots as well as from absorbance titration curves.
A pparatus. Absorbance measurements were performed on a Shimadzu UV-3101PC 
UV-vis-nearIR scanning spectrometer. Steady-state fluorescence spectra were acquired by 
use o f a SPEX model P2T 211 spectrofluorometer and a Peddn-Elmer LS-50 luminescence 
spectrometer. Samples were measured in a 1 cm2  quartz cell using excitation and emission 
bandwidths of 2-5 nm. Circular dichroism studies were performed using a Jasco J-710 
spectropolarimeter. All spectra were recorded at room temperature. ICD spectra were 
corrected by subtraction of the corresponding reference ICD spectrum.
RESULTS AND DISCUSSION
A bsorbance S tud ies. Absorbance measurements were performed to qualitatively 
assess the solubility of HBAs in the presence of cyclodextrins. Figure 3.3 depicts the 
absorbance of MBT (a), HBO (b), HBT (c) and HBI (d) at various concentrations of 
P-CDX. Since the absorbance change of the HBAs is very small in a-CDx and y-CDx , 
these values are not included in Figure 3.3. It is evident that the solubility of the HBAs 
increases with increasing P*CDX concentration. As can be seen from the curves in Figure
3.3 (inset), the solubilities o f the HBAs are much higher in p-CDm compared to those in |3- 
CDX. The figures show that the solubilities of the HBAs are in the order MBT > HBO > 
HBT > HBI.
It has been well established that the enhanced solubilities of organic compounds in 
water in the presence of CDs is due to formation of inclusion complexes. Molecules can be
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Figure 3.3 Influence of p-C D x (0.0 to 9.0 mM) on the 
absorbance of (a) MBT; (b) HBO; (c) HBT and (d)
HBI. (Inset) Influence o f P -C D . on the absorbance o f 
M BT and HBAs, sam e concentration range.
Table 3.1 Estimated binding constants (K) for HBAs in various
CD s
K(M'l)‘ 
FLUORESCENCE DATA ICD DATA
Compounds p-CD, P-CDm rC D t P-CDt P-CD,
HBI 131 256 45 53 208
HBO 340 462 140 228 274
HBT 2 2 0 253 161 95 124
MBT 385 530 252 307 528
* average of four trials
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included into the CD cavity depending upon their size, geometry, and hydrophobicity. Of 
the CDs used in this study, a-C D x has the smallest (~ 5.7 A) cavity diameter and the y- 
CDX has the largest diameter (~ 9.5 A), while [3-CDx has a cavity diameter o f -  7.8 A . 
However, all of the CDs have similar heights (~ 7.0 A ). The HBA molecules have an 
average length of ~ 1 0  A  and width of -  5.0 A  (including C-H bonds). Thus, the 
probability of equatorial inclusion of the HBAs in the CDs is very low. The low solubility 
of the HBAs in a-CDx is probably due to smaller cavity size and therefore, lack of 
complexadon. On the other hand, the cavity size of y-CDx appears to be too wide to form 
a stable complex with the compounds when oriented axially in the CD cavity. Also, the y- 
CDX cavity being wider, water molecules can freely enter the cavity making the cavity less 
hydrophobic than that of (3-CDx. This is indicated by the low values of the association 
constants (Table 3.1) of the HBAs with y-CDx. The higher solubilities o f the HBAs in p- 
CDm as compared to (3-CDx may be due to the strong hydrogen bonding ability o f the 
alcoholic OH and the methoxy groups on the CD ring with the phenolic OH group of the 
HBAs. This will be discussed in detail in a later section. Among the HBAs, HBO has the 
highest solubility as well as largest association constants with the CDs (i.e., P~CDX and P* 
CDm). Since all of the HBAs are similar in size, this difference in the binding constant 
values and hence the difference in solubilities may be attributed to the differences in their 
molecular structure. It seems that the HBO molecule is more hydrophobic, as compared to 
HBI and HBT. The most likely orientation of HBO which can explain its hydrophobicity 
is one in which the phenyl ring is coplanar with the benzoxazole ring through strong 
intramolecular hydrogen bonding. This is confirmed by the vibronic fine structure of the 
long wavelength absorption bands in its electronic spectrum (Figure 3.4, inset) in P-CDm. 
Similar spectral characteristics o f HBO in nonpolar solvents have also been reported in the 
literature [8 ]. In contrast, the absorption bands of HBI and HBT are broad, thus
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suggesting that the phenyl ring is not in the plane of the benzazole ring. This supports the 
suggestion that the dipole moments of HBI and HBT are higher than that o f HBO and 
therefore are more polar compared to HBO. Consequently, the inclusion of HBI and HBT 
into the 0-CDx cavity is weaker. Further evidence for the structural differences among the 
HBAs lies in the differences in their acid dissociation constants for the phenolic proton and 
has been discussed below in a separate section.
Induced C ircu lar Dichroism Studies. The circular dichroism spectra of the four 
HBAs in (3-CDm are portrayed in Figure 3.4. Since the compounds are less soluble in a - 
CDX and y-CDx , the ICD spectra were measured only in (S-CDX and f3-CDm. The molar 
ellipdcities (6 ) of the HBAs are higher in the latter apparently because of their higher 
binding constant. The ICD spectra of the molecules are very similar in both p-CDx and |3- 
CDm and also resemble their respective electronic absorption spectrum (in Figure
3.4 inset). Similar to the absorption spectrum, the long wavelength bands of the ICD 
spectrum of HBO are also structured, indicating again that the molecule is rigid and is 
included into the hydrophobic environment of the CD cavity. All of the HBAs exhibit 
positive CD signals with maxima corresponding to Iong-wavelength electronic absorption 
bands. Molecular orbital calculations by Dey and Dogra [32] and also by Chou et al.[9] 
have shown that the lowest energy electronic transitions of HBAs are polarized along the 
long axis of the molecule. According to the Kirkwood-Tinoco rules, which are based on 
the coupled oscillator theory [33], these data support the contention that the molecules are 
oriented axially in the CD cavity. Thus, the long axis of the molecules is parallel to the 
symmetry axis of the CD cavity.
The association constants of the HBAs (Table 3.1) obtained by using the ICD data 
confirm that the binding of HBI and HBT is weaker in P-CDX as compared to 0-CDm. The 
association constants obtained by ICD data are lower than those obtained from the acquired
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Figure 3.4 Induced circu lar dichroism  (ICD) sp ectra  o f (3-CD
(9.0 mM) with (1) M BT; (2) HBO; (3) HBT and (4)
HBI. (Inset) C orresponding absorbance spectra o fth e
molecules in p -C D ., from  240 to 370 nm .
fluorescence data. Since these two methods measure ground state and excited-state 
phenomena (circular dichroism and fluorescence, respectively), the values obtained by the 
above mentioned techniques may reflect structural differences in the HBA molecules. 
However, the trends are similar in both sets of data. The low binding constant of HBI with 
p-CDx is indicative of the more polar structure of the molecule. The higher binding 
constant in P-CDm implies that the cavity o f f3-CDn is less polar than that of P*CDX. 
Because of higher polarity the molecule is also less soluble in y-CDx solution. Similar 
conclusions can also be drawn about HBT on the basis of the estimated K values.
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The ICD spectrum of MBT in p-CDx or |3-CDm is larger than that of HBT,
suggesting that MBT forms a tighter complex with the cyclodextrins. This is 
manifested in the binding constant value which is higher than for the other HBAs. This 
implies that the HBA molecules enter the CD cavity with the benzazole ring forward 
and phenyl group protruding into the bulk solvent. The -OCH} group of MBT acts as a 
capping group, making the binding stronger. If the molecules entered into the cavity 
with the phenyl group first, the binding constant of MBT would be smaller compared to 
that of HBT and HBI. It has been reported that the binding efficiencies of disubstituted 
benzene derivatives are in the order ortho < meta < para [34]. In the case of HBI, 
HBO, and HBT, the benzazole ring lies inside the cavity and the phenyl ring is on the 
surface. It seems that, in the case of HBO, the inclusion is deeper compared to that of 
HBT and HBI because of its more rigid planar structure. This is indicated by the 
higher binding constant value compared to that of HBT and HBI. In the cases of HBI 
and HBT, probably the hydrogen-bonding interaction of the phenolic OH with the 
alcoholic OH groups of the CD ring prevents deeper inclusion of the molecules. This 
further weakens the intramolecular hydrogen bond and thus enhances the 
noncoplanarity of the phenyl group. This will be discussed in detail in the following 
section. The above observations thus indicate that the molecular structures of the 
HBAs are different Of these, HBO has a planar structure and both HBI and HBT as 
well as MBT have nonplanar structures. The MO calculations by Chou et al. have also 
suggested similar results [9].
A cidity C onstants. The acidity constants (pK, values) of the HBAs in the 
presence and absence of {3-CDz (5.0 mM) were determined spectrophotometrically.
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The estimated pK, values for the dissociation of the phenolic proton in the various 
HBAs appear in Table 3.2. The pK, values of the HBAs in aqueous solution (in 
absence of CDs) are in the order HBO > HBT > HBI. These values, within the 
experimental error, are in reasonably good agreement with the values reported in the
Table 3.2 Acidity Constants (pK.) of HBAs in  the presence and
absence of ft-CD,
PK, ApKj
COMPOUNDS WATER
HBO 10.48 9.70 -0.78
HBT 10.16 9.60 -0.56
HBI 9.98 9.50 -0.48
HBI 4.84* 4.60* -0.24
♦Acidity constants for protonation of pyridinic nitrogen of HBI 
ApK,1 = pK,(P-CDx)-pKl(water)
observed to decrease in the presence of p-CDx, most dramatically for HBO. Similar 
negative ApK, values have also been reported for other aromatic alcohols [36]. The ApKa 
values for HBT and HBI are observed to show a similar trend. The estimated pK, value 
for the conjugate acid o f HBI formed by protonation at the pyridinic nitrogen also shows a 
slight decrease in the presence of |3-CDr
The difference in the ground-state pK, values among the HBAs indicates differences in 
the strength of intramolecular hydrogen bonding. Thus, the strength of the intramolecular 
hydrogen bond in the HBAs is in the order HBO > HBT > HBI. This implies that HBO is 
more planar as compared to HBT and HBI. It seems that the phenyl ring of HBI is almost 
out of plane of the benzimidazole ring since the pK, value is equal to any non-hydrogen- 
bonded phenol and consequently, it is highly solvated in aqueous solution. The negative
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ApK, value implies that the anionic form of the HBAs is more stable when complexed with 
the CDs. Since the CD molecule is uncharged, there must be strong specific interaction(s) 
between the phenolate anion and the CD molecule. The decrease in the pK, value of the 
conjugate acid formed by protonation at the pyridinic ring nitrogen of HBI in the presence 
of P-CDX is due to the higher stability of the complex with the neutral base than that formed 
with the conjugate acid. This indicates that the formation of inclusion complexes with CDs 
occurs in such a manner that the benzazole moiety enters first into the cavity.
The increased acidity of the phenolic -OH group of the HBAs seems likely due to 
formation of strong intermolecular hydrogen-bonding between the phenolic -OH group and 
alcoholic OH groups of the cyclodextrin in which the latter acts as a hydrogen bond donor. 
The secondary -OH groups of p-CDx are reported to have pKa ~ 12 [36]. As already 
discussed above the HBAs enter the CD cavity from the upper rim side of P-CDX with the 
benzazole moiety forward, though a partial penetration is achieved. Thus, the phenyl group 
is solubilized at the surface of the upper rim of cyclodextrin. This allows hydrogen- 
bonding interactions between the HBA and the alcoholic -OH groups of P-CDX, which 
weakens the intramolecular hydrogen-bonding in HBAs and thus facilitates formation of 
stronger intermolecular hydrogen bonds with H20  molecules in which water acts as a 
proton acceptor. As a result, proton transfer to the solvent becomes simple. The large 
negative ApK, value (-0.78) for HBO is indicative of the fact that the intramolecular 
hydrogen bonding is stronger in HBO as compared to that in HBI and HBT. This is also 
indicated by the higher pK, value of the molecule in water as compared to the other HBAs.
Fluorescence spectra. The steady-state fluorescence spectra of the HBAs employed 
in this study were measured in aqueous solutions (pH 7.0) in the presence of 8  mM P- 
CD^, P~CDra and y-CDx. The spectra are displayed in Figures 3.5, 3.6, and 3.7. In
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aqueous solutions, in the absence o f CDs, HBO exhibits a broad emission band (Figure 
3.5a) with ^  -  439 nm. On the basis o f literature reports [8 ], this emission can be 
attributed predominately to the phenolate anion with possible contribution from the 
undissociated molecule. In the presence of P-CDX the overall intensity o f the band 
decreased, accompanied by a red shift (X ^  -463 nm). The bandwidth at half maximum 
(bwhm) also increased in comparison to that observed in pure aqueous solution. This 
suggests to us the existence of multiple fluorescent species. The emission in the presence 
of the same concentration ( 8  mM) of (3-CDm is however, clearly resolved into two bands. 
The short wavelength band resembles the normal emission of the neutral molecule. The 
long wavelength band, however, is displaced further to the red relative to that o f the anion 
band and therefore can be associated with the tautomeric species. The fluorescence 
spectrum of HBO in (3-CDx ia again broad. The maximum of the proton-transfeered form 
(^ max ~ 478 nm) is further red-shifted compared to that in |3-CDm. The spectrum also 
shows shoulders at -  370 nm and -  440 nm indicating that the neutral molecule and the 
phenolate ion also contribute to the emission.
The fluorescence spectra of HBI in the absence and presence of cyclodextrins are 
shown in Figure 3.6. Similar to HBO (Figure 3.5), the emission spectrum of HBI in the 
absence of CDs consists of a strong emission at -  427 nm, mainly due to the anionic 
species and a weak band at -  350 nm corresponding to the neutral molecule (Figure 3.6a). 
The long-wavelength emission band is red-shifted as compared to the anionic form(~ 410 
nm) [37] and therefore, likely to be due to both the tautomer and anion forms. In the
presence of |3-CDZ the spectrum remains almost unchanged except for a small red shift of
the long-wavelength emission. The small red shift is a result of the inclusion of the 
molecule into the hydrophobic cavity of the CD molecule which promotes the formation of
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Figure 3.5 Emission of HBO in (a) w ater (pH  7.0), (b) 8.0 mM [3—
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Figure 3.6 Emission of HBI in (a) w ater (pH  7.0), (b) 8.0 mM
(3-CD_, (c) (3-CD and (d) y-C D ,, X.ex =320 nm .fll
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the tautomer. This is consistent with the binding constant value (Table 3.3). However, 
the binding constant of HBI with P-CDn is higher, indicating a strong interaction. This is 
manifested in the appearance of strong tautomer bands as well as the normal emission 
bands. The tautomer emission band is also red-shifted in comparison to 0-CDx. The 
fluorescence spectrum of HBI in y-CDx is similar to that in 0-CDx.
The fluorescence spectral behavior of HBT in CDs reflects similarities and differences 
relative to that observed for HBI and HBO. Like HBO and HBI, the fluorescence 
spectrum of HBT (Figure 3.7) in the absence of CDs shows characteristics fluorescence 
from both the neutral molecule as well as the anion form. However, unlike the former 
molecules, the intensity of the short- and long-wavelength bands of HBT are increased in
the presence of both 0-CDx and 0-CDm. The magnitude of the intensity change is much
higher in the case of P-CDra. In 0-CDx, the fluorescence spectrum of HBT exhibits a
decrease in intensity of both the normal and anion emission bands and the rise of a strong 
band with maximum at -  505 nm, which corresponds to the tautomer emission. The 
spectral behavior of HBT is thus different from that of either HBO or HBL
The observed spectral characteristics of the HBAs in cyclodextrins can be explained in 
terms of hydrophobic and hydrogen-bonding interactions with the cyclodextrins. The 
HBAs exhibit ESPT (both inter- and intramolecular), but the rate of intermolecular proton 
transfer (PT) in aqueous solution is so fast that ionization is almost complete during the 
lifetime of the excited state. Consequently, in aqueous solution, even at neutral pH, nearly 
all of the emission occurs from the excited phenolate anion. Since the nonionic forms of 
the HBAs are stabilized by CDs through the formation of inclusion complexes the intensity 
of the anionic forms of HBO and HBI are decreased. However, this is not true in the case 
of HBT, thus suggesting that the molecular structure of HBT is different from the other
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Figure 3.7 Emission of HBT in (a) water (pH 7.0), (b) 8.0 mM P-
CDS, (c) 8.0 mM P-CDm and (d) 8.0 mM y-CDx, X«xC = 
340 nm.
HBAs. This is also reflected in its association constants and ground-state pK, value and 
has been discussed in the preceding section.
As mentioned earlier, the phenyl ring of HBT is non-coplanar with the benzazole ring, 
thus rupturing the intramolecular hydrogen bond. As a result, the HBT molecule is
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oriented in such a way that the phenyl ring with the phenolic -OH group is exposed to the 
bulk solvent (Figure 3.8) in the inclusion complex. The strong hydrogen-bonding 
interaction between phenolic oxygen and the alcoholic hydrogens of the CD increases
2°
H
|--------------  7.8 A ---------------(
Figure 3.8 Proposed Orientation of HBT in the formation of
inclusion complexes with cyclodextrins (CDs), 
illustrating the twisted orientation of the molecule.
the acidity of the phenolic proton. Since this intermolecular hydrogen bond is in close
proximity to the bulk solvent, the phenolate ion is more stable in CD. The hydrogen-
bonding ability of the alcoholic hydrogens of fi-CDx is low compared to that of P-CDm
because in the former, the secondary alcoholic -OH groups at the 2- and 3-positions of the
adjacent glucopyranose rings are engaged in hydrogen bonding themselves. This is the
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reason why the solubility of (3-CDx is less than other CDs in water, h i P-CDm however, 
this intramolecular hydrogen-bonding is partially destroyed because of the substitution of 
one of the alcoholic protons by -CH3 group. This enhances the hydrogen-bonding ability 
of P-CDm with the HBAs as well as water molecules. As a result, fJ-CDm is more soluble 
in water. The greater hydrogen-bonding ability and higher hydrophobicity increases the 
association constant of the HBAs in f3-CDm. Thus, stronger intermolecular hydrogen- 
bonding between HBT and P-CDm facilitates die ESPT producing more phenolate anion. 
Moreover, the structure of the HB A tautomer is highly polar, which explains the shift in 
emission maxima of HBI, HBT, and HBO in cyclodextrins. In the presence of 
cyclodextrins, all of the molecules have emission maxima between those reported for die 
compounds in polar (e.g., alcoholic) and apolar (e.g., hydrocarbon) solvents. For 
example, HBT, in the presence of y-CDx. exhibits emission at -  505 nm, blue-shifted from 
the tautomer emission (520 nm). Potter and Brown [7] observed a similar emission for 
HBT at 500 nm in polar solvents and attributed it to the zwitterionic/quinoid form of HBT 
produced by ESPT. Both HBI and HBO exhibit similar intermediate emission maxima in 
CDs (450 nm and 478 nm, respectively) relative to those observed in apolar (470 nm and 
502 nm, respectively) and polar (445 and 470 nm, respectively) solvents [7-8,38-39] 
Therefore, we believe that the polar structures of the HBA tautomers exist as PT 
zwitterionic species.
Part II. ESIPT of 2-(2'-HydroxyphenyI)benzimidazole 
in Cyclodextrins and Binary Solvent Mixtures
Molecules which give rise to fluorescent tautomers through ESIPT are useful in lasing 
systems as laser dyes [40-41], in high energy radiation detectors [42-43], molecular energy 
storage systems [44], and as fluorescent probes [45]. For example, the molecule 2-(2'- 
hydroxyphenyl)benzimidazole (HBI) has been used in the development of pulsed liquid
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lasers from photoinduced intramolecular proton transfer [46]. Tunable laser pulses with 
10% efficiency have been obtained using HBI as a source of spontaneous emission. An 
important objective in enhancing the performance of proton transfer lasers is the extension 
of applicability of the systems to aqueous media. The advantage of using water as a 
solvent in such systems is the minimization of artifacts that result from thermal gradients 
produced in organic solvents [46].
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Figure 3.9 Ground and Excited-State prototropism of HBI in 
aqueous media.
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HBI is believed to exhibit two different intramolecularly hydrogen bonded isomers (Figure 
3.9) in the ground electronic state (Sq). Excitation of the first isomer (I, Figure 3.9) leads 
to formation of the HBI phototautomer or keto-tautomer (K*, Figure 3.9), while excitation 
of the second isomer or (H, Figure 3.9) [5,37,47] yields the normal emission. The 
appearance of both the normal and tautomer emissions of HBI seems to be dictated by 
competition between intra- and intermolecular hydrogen bonding with solvent molecules. 
Such observations, combined with the potential utility o f the molecule, have prompted a 
more detailed investigation of the microenvironment experienced by HBI molecules in 
various media. In a  previous section, we investigated the influence of cyclodextrins upon 
the spectral properties o f 2-(2’-hydroxyphenyl)benzazoles. These studies provided more 
evidence to support the notion that HBAs possess different ground and excited-state 
structural orientations. Furthermore, results from these studies seem to indicate differences 
in the extent of inter- and intramolecular proton transfer for the molecules in the presence of 
cyclodextrins. The results of recent studies of other ESIPT molecules in the presence of 
cyclodextrins [26,48] and micelles [39,49] have been used to propose similar phenomena. 
In this study, we extend our examination of ESIPT in organized media to include the 
effects of cyclodextrins and binary aqueous solvents (methanolrwater and dioxanerwater) 
on the intramolecular proton transfer of HBI. The focus of this work is to characterize and 
compare the effects of microheterogeneous environments upon the ESIPT process. 
EXPERIM ENTAL
M aterials. HBI was synthesized and purified as described in previous reports 
[4,30]. The p-, y- and 2,6-Di-O-methylated p-cyclodextrins (f3-CDx, y-CDx, and P-CDm, 
respectively) were obtained from American Maize Products (Hammond, IN.) and Fluka 
Chemical (Ronkonkoma, NY), and were used as received. Anhydrous dioxane was 
obtained from Fluka Chemical Anhydrous methanol (MeOH) was obtained from Sigma
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(Sl Louis, MO). Spectrophotometric grade cyclohexane and methanol were obtained from 
Aldrich (Milwaukee, WI). NMR grade 2,2,2-trifIuoroethanol was obtained from Aldrich 
(Milwaukee, WI). AH other solvents and reagents were of spectrophotometric grade 
(+99%) and were used as received.
M ethods. Crystals of purified HBI were added to 50.0 mL volumes o f phosphate 
buffer (pH 7.0) prepared in distilled, deionized water (PureLab). These solutions were 
sonicated for 15-20 min and allowed to equilibrate for 30-40 min. The HBI solution was 
then filtered using 0.02 pm membrane syringe filters (Nalgene) to obtain saturated 
solutions of the compound in aqueous media. Equivolume amounts of the saturated 
solution of HBI were pipetted into test tubes containing appropriately weighed amounts of 
solid cyclodextrins to yield the desired concentration in solution. These samples were 
diluted with phosphate buffer (pH 7.0), filtered using syringe membrane filters, and 
allowed to equilibrate for 10-12 hours. For the studies in binary aqueous mixtures, stock 
solutions of HBI in dioxane and methanol (10' 3 M) were prepared. Equivolume amounts 
(50.0 pL) of HBI in dioxane and methanol were pipetted into separate test tubes and diluted 
with the appropriate amounts of dioxane/water and MeOH/water to make volumervolume 
(v/v) mixtures. Similar methods were used to prepare samples o f HBI in 
cyclohexane.-acetonitrile (ACN) and cyclohexanerMeOH mixtures.
A pparatus. Absorbance measurements were performed on a Shimadzu UV-3101PC 
UV-vis-NIR scanning spectrometer. Steady-state fluorescence spectra were acquired by 
use of a Spex model P2T 211 spectrofluorimeter and a Perkin Elmer LS-50 luminescence 
spectrometer. Samples were measured in a 1 cm2  quartz cell using excitation and emission 
bandwidths of 2-5 nm. Fluorescence lifetime measurements were performed on a Photon 
Technology International (PH) LS-100 luminescence spectrometer. A dilute starch solution 
was used as a scatterer to determine the lamp flash profile of the excitation source. The
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lamp was filled with a N/He gas mixture and operated at a  pressure of 16.5 mm Hg. The 
337 nm emission of N2 was used for sample excitation. The decay curves were obtained 
using a time correlated single photon counting (TC-SPC) technique. The lifetime data were 
analyzed using a multiexponential decay analysis program, with curve fitting evaluated by 
reduced x2 and Durbin Watson parameters. All measurements were performed at 25 °C. 
RESULTS AND DISCUSSION
Fluorescence Spectra o f HBI in  B inary Solvents and  Cyclodextrins. The 
fluorescence spectra of HBI have been studied in selected pure solvents and binary solvent 
mixtures. Figure 3.10 (a and b) shows the spectra in cyclohexane containing various 
concentrations (M) of methanol and TFE. In pure cyclohexane, the molecule exhibits only 
a large Stokes-shifted emission band, the intensity o f which increases in the presence of 
methanol. However, in the case of TFE the intensity of the long wavelength (LW) 
emission band decreases with the simultaneous appearance of a broad emission band at 
short-wavelengths (SW) with the emission maximum between 370 and 400 nm. In both 
the cases of methanol and TFE, the LW emission shifts to shorter wavelengths with an 
increase in concentration of the solvent.
The fluorescence spectra in binary aqueous solvent mixtures of dioxane and water, and 
methanol and water (0-95%) are displayed in Figure 3.11. In both dioxane and methanol, 
two emission bands can be observed in the spectral range studied (330-580 nm). In 
dioxane, the intensity of the SW band is much weaker as compared to that in methanol. 
However, in methanol, the intensity of the LW band is weaker than that in dioxane. In the 
presence of low concentrations of water over the range of < 35% (v/v) the intensity of the 
LW as well as the SW band increases (not shown in the Figure). However, at higher 
concentrations of water (> 35%), the intensity of the band decreases along with a shift of 
the spectrum toward shorter wavelengths (i.e., from 442 to 430 nm). The intensity of the
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SW band continued to increase with increasing % water up to 90%. Above 90%, the 
intensity of the SW band is observed to decrease.
As reported earlier, the emission spectrum of HBI in the absence of cyclodextrins 
(pH 7.0) consists of a strong long wavelength (LW) emission at -  430 nm and a weak 
short wavelength (SW) band at 350 nm (Figure 3.6a). The LW emission band is red- 
shifted as compared to that of the anionic form (410 nm). In the presence of p-CD,, the 
emission spectrum of HBI remains almost unchanged except for a red-shift (Figure 3.6b)
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of the LW emission to 438 nm. The fluorescence spectrum of HBI in y-CD* is similar to 
that observed in P-CDX, although the relative emission intensity for the former is slightly 
lower with a maximum at 434 nm (Figure 3.6b). hi the presence of p-CDm, HBI exhibits a 
strong LW emission as well as a slightly enhanced SW emission band. The LW emission 
band is also red-shifted (452 nm, Figure 3.6c) with respect to that in the presence of P- 
CDr  This is consistent with the estimated binding constants of HBI in these media (i.e., 
K = 256,131 and 45 M' 1 in P-CDm, p-CDx and y-CDx, respectively).
Tim e-resolved Fluorescence Studies of HBI in  B inary  Solvents and 
C yclodextrins. Time-resolved fluorescence measurements were performed to estimate 
the fluorescence lifetimes of HBI. The lifetime data obtained for HBI in binary aqueous 
solvents of 1,4-dioxane and methanol (MeOH) appear in Table 3.3. In methanol, the 
fluorescent decay of HBI obtained from monitoring the emission at 470 nm is 
biexponential, with lifetime values of 3.7 (xx) and 0.7 ns (Xj). The lifetime (Xt) remains 
relatively unchanged up to 50% water in MeOH (3.9 ns). At volumes of 50% water and 
greater, x, is decreased, while x, is generally unchanged. The corresponding amplitudes of 
these lifetime values show very little variation with increasing % of water. hi pure 
dioxane, the lifetimes of HBI are estimated to be 4.1 and 0.8 ns corresponding to xt and x2, 
respectively. The xt and X2 values are slightly increased in dioxane:water mixtures 
containing up to 50% water (Table I). Above 50% water (Le., 50-90% water), the lifetime 
of the long-lived decay is decreased sharply from 4.4 ns to 2.7 ns 90% water), the lifetime 
of the long-lived decay is decreased sharply from 4.4 ns to 2.7 ns (30%-90%water). The 
value of the short-lived decay (x,) is also decreased with increasing % o f water in dioxane.
In aqueous solutions (pH 7), the decay corresponding to the long-wavelength 
emission of HBI (Aem~ 450 nm) is also observed to be double exponential with lifetimes of
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Table 3.3 Lifetim e values o f HBI in binary aqueous mixtures
LIFETIME (os)
SOLVENT % WATER Er(30) (*i) (»*) x2
MeOH 0 . 0 55.5 3.7 0.7 0.83 0.17 1 .1
1 0 . 0 56.1 3.9 0 . 6 0.82 0.18 1 . 2
30.0 512 3.9 0 . 6 0.94 0.06 1 . 2
50.0 58.3 3.5 0.7 0.83 0.17 1 .1
60.0 59.2 3.1 0.7 0.90 0 . 1 0 1 . 0
70.0 60.0 2.7 0.7 0.91 0.09 1 .2
80.0 61.0 2 . 8 0 . 8 0.94 0.06 1 .1
90.0 62.2 2.5 0.7 0.77 0.23 1 .1
pH 7 1 0 0 . 0 63.1 2 . 2 0.7 0.58 0.42 1 .1
pH 11 - - 2.7 - 1 . 0 0 - 1 . 0
Basic MeOH - - 2.9 - 1 . 0 0 - 1 . 0
Dioxane 0 . 0 36.0 4.1 0 . 8 0.78 0 . 2 2 1 .1
1 0 . 0 46.7 4.3 0.9 0.82 0.18 1 . 0
30.0 50.9 4.5 1 . 0 0 . 6 8 0.32 1 .1
50.0 53.6 4.4 1 . 0 0.74 0.26 1 .1
60.0 55.6 4.1 0.9 0.75 0.25 1 .1
70.0 57.2 3.9 0 . 8 0.83 0.17 1 .1
80.0 58.6 3.8 0 . 8 0.84 0.16 1 . 0
90.0 61.1 2.7 - 1 . 0 0 - 1 .1
(a,) and (a*) represent tbe amplitudes of the lifetimes for x, and x* respectively.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
136
Table 3.4 Lifetime values o f HBI in Cyclodextrins (CDs)
LIFETIME (ns)
CDs [CDs] mM ti X2 (a j (ai) x2
P'CDX 0 . 0 2 . 2 0.7 0.58 0.42 1 .1
1 . 0 3.1 1 .6 0.15 0.85 1 .1
2 . 0 3.4 1 .6 0.17 0.83 1 . 2
4.0 3.4 1.5 0.33 0.67 1 .1
6 . 0 3.3 1.5 034 0 . 6 6 1 . 2
8 . 0 3.4 1.5 0.36 0.64 1 .1
1 0 . 0 3.5 1.5 0.41 0.59 1 . 0
P-CDm 1 . 0 3.7 1 .8 0.46 0.54 1 .1
2 . 0 4.0 2 . 0 031 0.49 1 .1
4.0 4.3 2.4 032 0.48 1 . 2
6 . 0 4.6 2.5 035 0.45 1 . 2
8 . 0 4.8 2.7 0.57 0.43 1 .1
1 0 . 0 4.9 2.5 0 . 6 6 0.34 1 .1
*  a, and a2 are the amplitudes of the lifetimes t, and t2.
2.2 and 0.7 ns. Upon increasing the concentration of p-CDx, the lifetime of the long-lived 
species (x,), as well as that of the short-lived species (ij), are increased (Table 3.4). The 
amplitude of the component corresponding to xt is also observed to steadily increase with 
increasing [p-CDJ. In 2,6-Di-O-methyl-p-cyclodextrin (P-CDm), the xx value of HBI 
increases sharply from 2.2 ns in water (pH 7) to 4.9 ns in the presence of 10.0 mM p- 
CDm. The lifetime of the short- lived component (Xj) is slightly increased in P-CD,„.
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Similar to that in P-CDX, the amplitude corresponding to xx is also increased with increasing 
[P-C D J. In the presence of y-CDx (not shown), the lifetimes of HBI are relatively 
unaffected (Xj and Xj = 2.3 and 0.7 ns, respectively, in 10.0 mM y-CDx,).
The observed spectral characteristics of HBI in pure and binary mixtures can be 
explained in terms of the differences in hydrogen bond (HB) donoi/acceptor properties of 
the solvent or solvent mixture. A proposed scheme of the ground and excited-state FT 
reactions of HBI in the various binary mixtures is illustrated Figure 3.12. The increase of 
fluorescence intensity of HBI upon increasing % water (0-35%) in dioxane and methanol is 
indicative of the formation of the intermolecularly hydrogen-bonded tautomer IV (K^*, 
Figure 3.12). The appearance of the normal emission band of HBI in dioxane and 
methanol (Figure 3.11) suggests to us that the intermolecular interaction also exists in the 
SQ state, which results in an increase in the population of the intermolecularly hydrogen- 
bonded molecules I and II (Figure 3.12). Both dioxane and methanol have strong HB 
acceptor and donor properties [50-51] which facilitate intermolecular hydrogen-bonding 
with HBI in solution. This intermolecular interaction is further supported by the 
biexponential decay observed for HBI in the binary aqueous mixtures (Table 3.3), which 
are both slightly increased with increasing % water (up to 35-40%). In the presence of 
higher % water (i.e., >40%), species H (Figure 3.12) gives rise to the formation o f the 
HBI anion. This is supported by the lifetime values o f HBI in these solvents, which 
resemble those of the molecule in basic media (x = 2.7 and 2.9 ns at pH 11 in water and 
aqueous MeOH, respectively, Table 3.3). Furthermore, based on the Y values determine 
for different binary solvent mixtures by Fainberg and Winstein [52], it is apparent that 
solutions of methanol and dioxane containing high percentages of water have higher 
ionizing strength than such solvents containing lower percentages of water. Thus, the
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To further examine the role of intermolecular HB, we have measured fluorescence 
spectra of HBI in cyclohexane in the presence of MeOH and TFE. In the presence of 
MeOH, the emission maximum of the HBI tautomer (476 nm) is blue shifted with 
increasing amounts of MeOH, to 456 nm (AE = 2.64 kcal/mole. Figure 3.10a). At higher 
concentrations of MeOH (Le., 0.20-0.50 M in cyclohexane), an apparent isoemissive point 
for HBI appears at 478 nm, indicating the presence of equilibrium between two species in 
the excited state. In the presence of trifluoroethanol (CF3CH2OH), a similar trend is 
observed, i.e., the tautomer emission of HBI is blue-shifted with increasing TFE, from 
476 nm to 460 nm (AE = 2.09 kcal/mole). Furthermore, with increased concentrations of 
TFE (0.20-0.50 M), the emission of the tautomer is significantly decreased with the 
appearance of a slight emission between 350-400 nm (Figure 3.10b). The addition of 
increased quantities of MeOH and TFE also results in an increase in the estimated 
bandwidths at half-maximum (bwhm) for HBI in cyclohexane (Table 3.5).
The fact that the long-wavelength (LW) emission band of HBI in cyclohexane is due to 
formation of the keto-tautomer (K ^, Figure 3.12) has been well established in the literature 
[37, 47]. In non-hydrogen-bonding solvents, the tautomer is expected to be present in the 
intramolecularly hydrogen-bonded form HI (Kt*, Figure 3.12) in the excited-state. The 
dipole moment of the tautomer is expected to be low (p. = 4.03) [47] as it is planar in 
structure. This intramolecular hydrogen bond provides an extra degree of stability to the 
structure of the HBI molecule. However, in the presence of hydrogen-bonding solvents, 
e.g., dioxane and methanol, this intramolecular HB is partially broken as the structure 
becomes destabilized. This is indicated by the blue-shift of the spectrum in dioxane as 
compared to cyclohexane. As methanol is a stronger HB acceptor compared to dioxane 
((3 = 0.62 and 0.37 for methanol and dioxane, respectively) [50], the observed blue-shift is 
larger in the former solvent Similarly, the blue-shift of the tautomer emission upon
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addition of MeOH and TFE is due to disruption of the intramolecular hydrogen bond of
tautomer HI (Kt*) to give tautomer IV (K^*). The formation of the tautomer TV (K^*) is
further supported by the higher value (4.4 ns) compared to that in cyclohexane (3.6 ns),
as well as the respective quantum yields ($ f = 0.46 and 0.55, respectively) [53]. These
data support the fact that the existence of intramolecular HB usually increases the nonradi-
Table 3.5 Influence of m ethanol and 2,2,2-trifluoroethanoI
/cyclohexane m ixtures on em ission maxima and 
bandw idths a t half-m axim um  (bwhm) for the 
tautom er em ission o f HBI.
_____________________________X,„„ (cm '1)_________________ bwhm (cm '1)
[MeOH] o r [TFE] (M) M eOH TFE MeOH TFE
0 . 0 21008 21008 2954 2954
0.025 21097 21186 3029 3054
0.050 21276 21276 3067 3140
0 . 1 0 21459 21367 3371 3183
0.15 21551 21551 3396 3269
0.30 21739 - 3404 -
0.40 21834 - 3697 -
0.50 21930 - 3791 -
- K a x  or bwhm values could not be accurately determined, 
tive decay rates in the excited-state o f the tautomer [54]. The decrease of fluorescence 
intensity of tautomer m  (Kt*) upon addition of TFE is due to the decrease of the 
population of the hydrogen-bonded ground-state molecule (I) as TFE is a stronger HB 
donating (HBD) solvent (a  = 1.51) compared to MeOH (a  =0.98) [50-51]. This 
interaction predominately accounts for the decrease of intensity as a result of HB breaking 
of the tautomer.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
141
However, the large blue-shifts observed in these media cannot be due only to a 
disruption of the intramolecular HB because the energy change involved (e.g., AE = 2.64 
kcal/mole in MeOHrcyclohexane) is too large explain the N-H~~0= hydrogen bond 
strength. For molecules such as HBI, the N-H~0 bond is believed to be far weaker than 
the N~ H -0 bond [35,55]. Furthermore, the strength of the intramolecular hydrogen bond 
of HBI is reported to be weakest amongst the various (hydroxyphenyl)benzazoIes (i.e., 
HBO >HBT > HBI) [35]. Therefore, this large change in energy must involve formation 
of some other species, which seems to fluoresce at longer wavelengths relative to that of 
the anionic species. The formation of a new species is also supported by the increased 
bandwidth at half-maximum (bwhm) of the emission spectra of HBI in binary solvent 
mixtures (Table 3.5).
We believe that this species is a dipolar zwitterion Z* (V, Figure 3.12), which is 
expected to be more stable in solvents of high dielectric constant Since the tautomers HI 
and IV are more rigid compared to the zwitterion (Z*), their emission maxima are red- 
shifted and respective fluorescence quantum yields are higher relative to that o f the latter. 
Moreover, since TFE is a stronger HBD solvent compared to water (a  = 1.0) [50], it can 
protonate the ring nitrogen of HBI to form the cationic species. This is indicated by the 
broad maximum (350-400 nm) of the short wavelength band, the intensity of which 
increases with increasing TFE concentration.
As the anion and cation of HBI fluorescence at -  410 and 386 nm, respectively, the 
Xf(max) for Z* is expected at -  446 nm (i.e., assuming Xj(Z*) = [Xf (A*)- Xf (N)J + [Xf 
(C*) - Xf (N)], where Xr (N) and X,(C*) represent the emission maximum for neutral and 
cationic HBI, respectively). The actual X,(max) for Z* would be slightly higher (-450-455 
nm) due to solvation effects. Furthermore, the anion emission is not expected in the 
emission region in which the lifetime values were monitored (Xf -470 nm). The
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biexponetial decay of HBI in the various binary solvents also supports the existence of a 
second species for HBI. The short lived 0.7 ns) component of the fluorescence decay 
probably explains the existence of the zwitterionic (Z*) species in dioxane/water or 
methanol/water mixtures. The short lifetime of Z* compared to Kt* or Kj* is expected 
because of stronger solute-solvent interactions in solvents of high dielectric constants 
which increase the nonradiative decay rates. The observed effects will be further discussed 
below in relation to the spectral behavior of HBI in cyclodextrins.
Similar to the data observed for HBI in the various binary solvent mixtures, the spectral 
characteristics of HBI in cyclodextrins can be explained in terms of hydrogen-bonding and 
hydrophobic interactions. HBI exhibits both inter- and intramolecular proton transfer (PT), 
but the rate of intermolecular PT in aqueous media is so fast that ionization is almost 
complete during the lifetime of the excited state [56]. Interaction of HBI with cyclodextrins 
stabilizes the nonionic form of HBI through intermolecular hydrogen-bonding, thus 
decreasing the emission intensity of the anionic form (A*, Figure 3.12) of HBI. The 
dramatic difference in the fluorescence of HBI in P-CDm compared to that in P*CDX and y-
CDX can be explained along similar lines. The hydrogen-bonding ability of the alcoholic 
hydrogens of P-CDX is low compared to that of p-CD,,, because, in the former, the 
secondary alcoholic -OH groups at the 2- and 3- positions of the adjacent glucopyranose 
rings are engaged in hydrogen-bonding themselves. As a result, P-CDX is less soluble in 
water than P-CDm. In the case of P-CDm, however, this intramolecular hydrogen-bonding 
is partially destroyed due to substitution of one of the alcoholic protons by a -CH3 group (at 
the 2- position). The hydrogen-bonding ability of f3*CDm with HBI and water molecules is 
thus enhanced. This greater hydrogen-bonding ability and higher hydrophobicity increases 
the strength of association of HBI with P-CDm as compared to that with p-CDx and y-CDx. 
The increased association of HBI with P-CDm is further supported by the enhancement of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
143
fluorescence intensities and measured lifetimes for the tautomer (Kj*) emission of HBI. 
With increasing [p-CDJ, the tautomer lifetime (xl(K2*)) o f HBI is increased from 2.2 ns in 
water to 3.5 ns in 10.0 mM (3-CDx. In $-CDm, however, the tautomer emission lifetime of 
HBI is twice that in water (2.2 ns to 4.9 ns). It seems that P-CD„ promotes formation of 
the tautomer IV(Kj*), while P*CDX promotes formation of specks III (Kt*). Sarkar et al.
[39] studied the inter- and intramolecular FT of HBI in nonionic and ionic micelles. Their 
results indicated a similar increase in the tautomer lifetime of HBI, suggesting a more 
pronounced effect of the micelles on the proton transfer of HBI than on the quantum yields 
of the molecule [39]. Rodrfguez-Prieto et al. [57] noticed a similar difference in the 
tautomer lifetime values of HBI in water (r -  1.86) versus that in ethanol ( t  ~ 4.10). 
Similarly, in studying the ESPT of protonated 1-aminopyrene complexed with P~CDX, 
Fleming et al. [48] indicated increased intermolecular PT rates of 1-aminopyrene in 
cyclodextrins compared to those in bulk water.
The microenvironment near the edge o f the cyclodextrin cavity is often described as 
having the properties of a binary aqueous solvent (e.g., EtOHrWater) [48,58], while the 
CD cavity has been estimated to be similar in polarity to oxygenated solvents such as 
EtOH, dioxane, isopropyl ether, and ethylene glycol [59]. Thus, the increased 
hydrophobicity of such an environment combined with other physicochemical properties 
(e.g., rigidity) often results in the protection of analyte excited-states from nonradiative 
processes. This is observed by the relatively high lifetime values for the HBI keto- 
tautomer (K,*) in P-CDm (4.9 ns) compared to apolar solvents such as cyclohexane (3.6 
ns). It appears that the radiative deactivation rate constant for the excited-state tautomer 
(K*) is independent of the solvent while the nonradiative deactivation rate constant is 
greater in the absence o f CDs [53, 57]. Thus, it seems that, similar to micelles, 
complexation of HBI by cyclodextrins decreases nonradiative rates in the excited-state of
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the HBI tautomer. The mode of interaction of HBI with cyclodextrins, however, appears to 
be mote specific.
Acidity constant determinations [56] of HBI in the presence of cyclodextrins indicate 
increased acidity of the phenolic -OH group of HBL This increased acidity is believed to 
be due to strong intermolecular hydrogen bonding between the phenolic -OH of HBI and 
the alcoholic groups of the cyclodextrin. It has been further suggested that the water near 
the rim of the cavity of ^ -cyclodextrin is modified in such a way as to increase its basicity, 
with the pK, of the CD hydroxyl groups estimated to be -12 [5,48,56] Thus, we believe 
that the HBI molecule enters the CD cavity from the secondary rim side, with the 
benzimidazole moiety forward, achieving only partial penetration. This arrangement allows 
for solubilization of the HBI phenyl group at the surface of the secondary rim of 
cyclodextrin and intermolecular hydrogen bonding in which cyclodextrin acts as a 
hydrogen bond donor. Such an arrangement is further supported by induced circular 
dichroism studies of HBI in p-CDr and (J-CDm, which suggests axial inclusion of the 
molecule in the CD cavity (-7.8 A height) as opposed to equatorial orientation of the 
molecule in cyclodextrins [56].
The spectral characteristics of HBI in CDs and binary solvent systems of TFE/MeOH in 
cyclohexane could further indicate the presence of an intermediate zwitterionic PT tautomer 
species of HBI whose formation is dictated by differences in inter- and intramolecular 
hydrogen bonding. The data obtained from absorbance, ICD and pK, studies, as well as 
from other spectroscopic studies [47] further suggest to us that the normal form of HBI has 
a higher dipole moment in the S0 state. This means that the phenyl ring of HBI is twisted 
with respect to the benzimidazole ring and hence has a weaker intramolecular hydrogen 
bond than does the benzoxazole (HBO) derivative [56]. Furthermore, the HBI tautomer is 
suspected to be polar, based upon the shifts in emission maximum for the molecule in CDs.
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In the presence of CDs, HBI has an emission maximum between that reported for the 
compound in polar (e.g., 430 nm in water) and apolar (e.g., 470 nm in cyclohexane) 
solvents [37],
Thus, it is believed that these intermediate structures exist as zwitterionic species. Such 
emission forms have been proposed for other (hydroxyphenyl)benzazoles in the presence 
of hydrogen-bonding solvents. For example, Elsaesser and Schmetzer [6 ] demonstrated 
and observed complex equilibria for 2-(2-hydroxyphenyl)benzothiazole (HBT) in polar 
solvents. Similarly, Potter and Brown [7] studied the ESIPT of HBT in acidic and basic 
aqueous ethanolic solvents. These data were used to suggest complex equilibria of HBT 
involving formation of zwitterionic and quinoid forms of HBT (Xem~500 nm) produced as 
a result of the ESIPT process. Furthermore, these authors observed that 8 % of the excited 
neutral HBT molecules deprotonate to form the excited anion in aqueous media. In a 
previously mentioned study, Sinha and Dogra [37] investigated the ground and excited- 
state prototropism of HBI in various solvents. The authors suggest equilibria involving the 
formation of a zwitterionic species of HBI (Xem~440 nm) in water through electronic 
reorganization in the excited state (S,). This reorganization facilitates the increase of acidity 
and basicity of the -OH group and tertiary nitrogen atom, respectively, in S, state. Using 
spectroscopic studies and AMI calculations, Chou et al. [9] have provided more evidence 
for the formation of zwitterionic species for (hydroxyphenyl)benzazoles. Since the ESPT 
rate for HBAs is ultrafast (1012 s-1), the authors suggest that the proton transfer tautomer 
may be depicted by the zwitterionic or x-electron conjugated cis-keto-tautomer [9]. Intra- 
and intermolecular hydrogen-bonding involving cyclodextrins (|5-CDX, P-C D J and HBI is 
believed to be similarly facilitated, with the CD molecules enhancing both the ground and 
excited-state intermolecular PT of HBI through stabilization of the nonionic forms of HBI .
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Such interactions may, in the case of HBI, facilitate formation of a polar zwitterionic 
species in the presence of specific microenvironments.
SUMMARY
It appears that the interaction o f HBAs with cyclodextrins is dictated by competing 
inter- and intramolecular processes. The absorbance studies discussed in this thesis
indicate that the HB A molecules are more soluble in p-CDm and (J-CDX than in both a-CDz
and y-CDx. The induced circular dichroism spectra support the suggestion that the
molecules are axially oriented in the CD cavity with the benzazole group protrading 
forward. Cyclodextrins increase both the ground and excited-state acidities of the phenolic 
protons for HBT and HBI, but in the case of HBO they increase the ground-state acidities 
but reduce the acidities in the excited-state. The respective pK, values and association 
constants clearly indicate that HBO has a planar structure, whereas with HBI and HBT die 
phenyl group is twisted. In additional studies of HBI, it appears that the interaction of HBI 
with cyclodextrins is dictated by competing inter- and intramolecular processes. The 
molecule is oriented with respect to cyclodextrin such that intermolecular proton transfer is 
facilitated through interaction of the phenolic -OH of HBI with the alcoholic groups which 
reside on the periphery of the cyclodextrin cavity. The intermolecular proton transfer
between (3-CDx or (5-CDm and HBI inhibits the intramolecular PT process, and hence the
formation of the keto tautomer (K t* and K2*). This inter- and intramolecular proton 
transfer is also observed in the presence of binary aqueous and binary organic solvents. In 
aqueous binary solvents of dioxane and MeOH, the intermolecular interactions disrupt the 
intramolecular hydrogen bond of HBI in the ground (S0) and excited (St) state. Similarly, 
in the presence of stronger HBD solvents such as TFE, the population of the
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intramolecularly hydrogen-bonded ground-state molecule of HBI is decreased, thus 
decreasing the fluorescence intensity of the tautomer emission of HBI. Furthermore, the 
observed spectral behavior of HBI in significant concentrations of protic solvent suggests 
to us the formation of a new species which is stabilized in these polar microenvironments. 
On the basis of the fluorescence and fluorescence lifetime characteristics o f HBI in 
cyclodextrins and binary solvents, we believe that the FT tautomer exists as a polar 
zwitterionic species. Finally, the spectral sensitivity o f HBI exhibited in CDs and binary 
mixtures suggests the suitability of this molecule as a probe of organized media. 
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Chapter 4.
Excimer Fluorescence of trans-Stilbene in Ternary Aqueous
Solutions of y-Cyclodextrin 
Part I. Dimerlzation and Photoisomerization of 
Stilbene in Condensed Media
The formation o f dimers in the ground-state or excimers in the excited-state has been 
observed for many compounds [1]. Dimerization generally involves the aggregation of 
molecules at specific concentrations through the formation of non-covalent interactions 
between molecules. The formation of excimers in solutions is believed to be a process 
controlled by diffusion, which is further dictated by the solubility o f the particular molecule 
and other processes which control diffusion. Dimer and excimer formation in the solid- 
state, however, seems to be dictated by the topochemical alignment of the molecules. 
Derivatives of stilbene, for instance, are believed to undergo a [2+2] photodimerization in 
the solid-state. The excited-state photochemistry of this process has been proposed to 
involve the formation of an excimer emission as an intermediate during the dimerization 
process [2]. The parent compound, i.e. trans-stilbene (TS), produces neither excimer 
emission nor dimers in the solid-state [3].
The photoisomerization of trans-stilbene (TS), shown in Figure 4.1, has been used 
extensively as a model for studies of reaction dynamics in condensed media [4]. 
Cyclodextrins, micelles, zeolites, and other microheterogeneous systems have received 
considerable attention in this capacity, due to their ability to provide restricted 
microenvironments [5]. Specifically, studies involving stilbene have been conducted under 
such restricted conditions, including inclusion complexes with zeolites, tri-othymotide, and 
cyclodextrins [6-9]. For example, Turro et al. [9] have studied the photoisomerization of 
trans-stilbene complexed to cyclodextrins. Data from these studies were used to suggest 
that TS forms two different complexes with P-CDX, a ‘loose’ and a ‘tight’ complex [9].
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Figure 4.1 Photoisom erization of trans-stilbene (TS).
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Syamala et al. [8 ] observed that ^ -cyclodextrin favors the formation of TS at the expense of 
cis-stilbene in aqueous solutions. It is believed that 0-CDx inhibits the formation of the cis 
isomer of stilbene by perturbation of the decay of the twisted p-state. These data, however, 
provided no evidence o f dimer or excimer formation. Similariy, no data were reported for 
the inclusion of TS with yCDx, which should be able to accommodate more than one guest 
molecule of the size of T S .
Extended L inear A ggregates with C yclodextrins. Cyclodextrins [10], 
particularly y-CDr, are known to enhance the formation of dimers and excimers due to then 
ability to accommodate multiple guest molecules into the CD cavity [11]. These types of 
complexes, however, do not always have simple stoichiometries. Excimers of pyrene, for 
instance, have been reported to form 2:2 guestihost complexes with y-CDx in aqueous 
solutions [12]. Similarly, Yorozu et al. [13] reported a slight red-shift of the pyrene 
absorbance spectrum in the presence of y-CDx. Upon excitation at the red-edge of the 
absorption spectrum, the excimer fluorescence was observed. Thus, under such 
conditions, the excitadon of monomers or ground-state dimers can contribute to the 
formation of excimers.
Other compounds o f photochemical interest have been observed to form excimers in the 
presence of y-CDx. In 1988, Agbaria and Gill observed that oxazole and oxadiazole 
derivatives formed excimers in the presence of y-CDx [14]. Specifically, 2,5- 
diphenyloxazole, a common scintillator and laser dye, was observed to form excimer 
complexes with y-CDs. However, unlike the simple stoichiometries observed for pyrene 
with y-CDx, the excimers of 2,5-diphenyloxazole are believed to exist as extended linear 
aggregates of the inclusion complex with y-CDx [14]. These aggregates, or “linear beads,” 
can generally be described as polymers which have formed by non-covalent interactions
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[15]. These linear beads, however, unlike polymers, can be dissociated and reformed by 
heating and cooling, respectively, and also exhibit phase transitions with changes in pH 
[15-16]. The basic units of y-CDx:PPO and the formation of the extended linear beads ate 
depicted in Figure 4.2.
Since Agbaria and Gill’s work with extended linear aggregates, other researchers have 
demonstrated the formation of linear aggregates with other systems. For example, Harada 
et aL [17] demonstrated the formation of a “molecular necklace” involving linear aggregates 
of a-cyclodextrin with polyethylene glycol (PEG), hi this arrangement, several 
cyclodextrins were threaded onto a single PEG chain, with the molecules capped by bulky 
end groups. Harada et al. extended this research to include the synthesis of tubular 
polymers from threaded cyclodextrins [18-19]. Specifically, adjunct CD units were cross- 
linked in a polyrotaxene to create a molecular tube, or nanotube. Similarly, Li and 
McGown [20] have demonstrated that diphenylhexatriene molecules (DPH) in the presence 
of and y-CDs, can form nanotube aggregates containing as many as 20 fJ-CDs or 20 to 
35 y-CDs. The formation of the cyclodextrin nanotubes was indicated by fluorescence 
anisotropy and light scattering results. More recently, Pistolis and Malliaris [21] have 
observed nanotube formation between cyclodextrins and l,6-diphenyl-l,3,5-hexatriene. 
These studies have served to regenerate widespread interest in the area of supramolecular 
chemistry due to the potential of building nanotube molecular receptors and photosensitive 
devices.
Although the formation of extended linear aggregates involving cyclodextrins has been 
demonstrated, the mode of interaction for such systems is not well understood. In this 
research, attempts were made to study the role of the heteroatoms of guest molecules in 
stabilizing “linear beads” through the formation of hydrogen bonds with the hydroxyl 
groups of cyclodextrin. During these studies, however, an unexpected dual emission was
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y-CD,:2PPO y-CD,:2PPO
Figure 4.2 Dlustration o f the basic units o f y-CDx:2PPO and the
formation o f the extended linear aggregates of
(Y -C D .^PPO n.
observed for solutions containing TS/y-CD/cyclohexane. Other researchers have observed
excimer emission for TS and the TS derivative [2.2] -4,4 - stilbenophane [EE2] [22-23].
Unlike the formation of these excimers and others previously observed for molecules in y-
CDX, this TS excimer was noticed only in the presence of a third component In fact this 
is the first reported excimer o f TS in fluid or aqueous cyclodextrin solutions, which does 
not involve covalently linked or severely constrained TS molecules. Thus, in this study, 
we focused on the role of the third component in the formation of the trans-stilbene excimer
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
156
in y-cyclodextrin. Alcohols and other hydrophobic linear and cyclic hydrocarbons (Figure 
4.3) were examined as ternary components in these systems.
EXPERIMENTAL
M aterials. The cyclodextrins used in this study (a-, p- and y-CDx) were provided to 
our laboratory by American Maize Products Co. (Hammond, IN). The trans-stilbene (96% 
purity) was purchased from Aldrich Chemical Co. (Milwaukee, WI). Both the CDs and 
TS were used as received in most experiments. However, TS was also recrystallized from 
saturated ethanol solution to examine possible impurities and the reproducibility of the 
observations. Toluene, xylenes, ethanol, butyl alcohol, tert-butyl alcohol, and hexanes 
were all of HPLC grade (Mallinkrodt) and were used without further purification.
M ethods. Stock solutions of 0.01 M TS in ethanol and cyclohexane were prepared. 
Two different preparation methods were used. In the first method (1), an aliquot from the 
stock solution was dried, leaving a thin layer of solute on the glass tube wall. Aqueous 
cyclodextrins were added to sequester the guest molecules from the walls of the glass tube 
into the aqueous solution. In the second preparation method (2), an aliquot of the organic 
stock solution o f the guest was injected directly into aqueous solutions of cyclodextrin. 
The final concentration of TS and cyclodextrin in the aqueous solution are approximately 
20 jiM and 5-10 mM, respectively. For most samples, 10 \iL  of the TS stock solution was 
added to 5 mL o f aqueous CD solution. In both methods, the samples were sonicated for 
stock solutions were sonicated for periods of 5-15 min. The samples were equilibrated 
overnight prior to performing fluorescence measurements.
Induced C ircu lar Dichroism (ICD) Studies. Induced circular dichroism (ICD) 
studies of trans-stilbene in p- and y-CDx were performed by first preparing a 10' 2 M 
solution of trans-stilbene in cyclohexane. Stock solutions of 10*2 M P-CDX and y-CDx were
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NON-CYCLIC
ETHANOL 
CH3CH2OH
BUTYL ALCOHOL 
CH3(CH2)3OH
t-BUTYL ALCOHOL 
CHjCCH^OH
HEXANE 
CH3(CH2>4CH3
Figure 4.3 Chemicals used as te rtia ry  components in this research .
prepared by weighing the appropriate amount of each cyclodextrin and diluting the solid 
CDs with distilled, deionized water (US Filter). Concentrated samples of trans-stilbene in 
CDs were prepared by pipetting 250 pL aliquots of the trans-stilbene stock solution intotest 
tubes. The cyclohexane solvent was evaporated off under dry N2. The appropriate 
amount of the CD stock solutions were pipetted into the test tubes, with the aqueous CD 
solutions allowed to sequester the TS residue from the glass walls of the tubes. These 
samples were allowed to equilibrate for > 48 h. Once equilibrated, the samples were 
filtered using syringe membrane filters (Nalgene, 0.20 pm). For the samples containing 
cyclohexane, the same sample preparation procedure was followed. After filtration of the 
samples, the cyclohexane solvent (99% spectroscopic grade) was pipetted directly into the 
TS/CD sample. The ternary systems were allowed to equilibrate for > 24 h.
CYCLIC
CYCLOHEXANE
C6H12
TOLUENE
QftCH,
XYLENE
c a c c h ^
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A pparatus. A Photon Technology International (PTI), Inc. (LS-100) luminescence 
spectrophotometer was used for both steady-state and time-resolved measurements. In the 
steady-state mode, only 50 lamp flashes of the flash Xe lamp were averaged in order to 
minimize any photoproduct o f the trans-stilbene that might occur during the course of data 
acquisition. Nitrogen gas (N2) was used in the discharge tube for excitation with time- 
correlated single photon counting (TC-SPC). The lifetime data were analyzed by use of 
discrete decay times and the exponential series method (ESM) [24]. Steady-state spectra of 
the ternary systems containing other co-solvents were recorded using a Perkin-Elmer LS- 
50 fluorimeter. Circular dichroism spectra were obtained using a  Jasco J-710 
spectropolarimeter. Measurements were performed at 25 °C.
RESULTS AND DISCUSSION
The fluorescence spectra o f trans-stilbene in the presence of 10' 2 M y*CDx, prepared 
using method 1, appear in Figure 4.4. The vibronic structure of the fluorescence spectrum 
is better resolved in the presence of cyclodextrin, with a slight red-shift of approximately 
10 nm relative to the spectrum in an organic solvent such as ethanol or cyclohexane. The 
enhanced vibronic structure in the presence of CDX and the red-shift of the fluorescence are 
apparently due to geometrical constraints on the included TS in the cyclodextrin cavity. 
Except for the changes noted in the fluorescence spectrum, no additional fluorescence band 
was observed in the presence o f only y-CDx. However, when a trace of cyclohexane was 
added to TS in the aqueous y-CDx solution, an additional fluorescence band at longer 
wavelengths was observed (spectrum 1, Figure 4.4). To examine this phenomenon, the 
second preparation method was used, i.e., injection of an aliquot from the stock solution of 
TS/cyclohexane directly into aqueous solutions of y-CDx. An additional long wavelength 
fluorescence band was again observed similar to the spectrum observed in the first method. 
The additional long wavelength fluorescence band (spectrum 1, Figure 4.4) has a broad
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Figure 4.4 N orm alized fluorescence spectra  of TS in  the presence
of 10'* M  y-CD ,: (1) norm alized with cyclohexane and (2 ) 
w ithout cyclohexane. E xcitation a t 280 nm .
maximum at 390-420 nm. However, a clear maximum of the same band at 420 nm was
also observed in other samples. This additional long wavelength band is attributed here to
theexcimer ofTS.
The TS is a photoactive compound, and many deactivation pathways from the excited 
singlet state are known to occur. Therefore, several possibilities for the production of the 
long wavelength band must be considered. It is possible that indirect or direct
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photoproducts of stilbene, such as phenanthrene or [ 2  +2 ] photodimerization of two 
adjacent stilbenes, may be produced. It has also been reported that phenanthrene does not 
form in aqueous solutions of TS/fJ-CD, but does form in other solvents [8 ]. However, 
because Y-CDX has a larger cavity diameter than p-CDx, it is possible that photoproducts 
such as phenanthrene can be formed. Additionally, it is possible that the inclusion of two 
stilbene molecules within the y-CDx cavity may result in the formation of [2+2] 
photodimers. Such dimers, however, are not expected to emit in the discussed region. 
Thus, the possibilities o f the presence of impurities or photoproducts were explored with 
regard to the observed long wavelength emission band.
Aliquots of the ternary solution which yielded the dual emission were dissolved in 
N,N-dimethylformamide (DMF), with the idea being that dual emission due to a 
contaminant or a covalently linked photoproduct in the ternary solution, should remain after 
dissolution in DMF. Only one emission, however, was observed for this sample, 
suggesting that such contaminants and/or photoproducts are not a likely source of the dual 
emission. In a separate experiment, temperature studies were performed to observe the 
influence of temperature on the dual emission of the ternary complex. Although 
decomposition of the inclusion complex is possible at 80 °C, any stable contaminants or 
photoproducts are not expected to be affected by temperature. At 80 °C, only the 
monomer emission of trans-stilbene was observed, with the reappearance of the dual­
emission after cooling the sample to room-temperature. The intensity of the second 
emission form, however, was less intense than that of the original sample. The decreased 
intensity is due to the loss of cyclohexane through volatilization.
Another possibility for the formation of the trans-stilbene long wavelength emission 
involves the presence of suspended microcrystals of stilbene in the presence of y-CDx and 
cyclohexane. The fluorescence spectrum from the surface of solid (powder) trans-stilbene,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
161
however, is red-shifted relative to that of the compound in organic solvents (Figure 4.5), 
with a maximum at 390 nm, blue-shifted from the observed long wavelength band in the 
ternary solution. Nevertheless, it is still possible that the long wavelength component is 
formed from the cyclohexane competing with the trans-stilbene molecules for complexadon 
with y-CDx, and the resulting uncomplexed TS molecules recrystallizing in the aqueous 
phase. Such microcrystals, at the same concentration of stilbene, should also be observed 
in the presence of P-CDX and/or y-CDx. Thus, a comparison of samples from the ternary 
solutions of the smaller CDs and that of y-CDx should provide additional insight into this 
explanation. In the presence of a -  and fi-CDx, however, no such dual emission was 
observed. Hence, the additional long wavelength emission band of TS in y-CDx is 
observed only in what appears to be a ternary complex of TS, y-CDx, and cyclohexane. 
The term “ternary” refers to the three components of the complex and does not imply 
anything about the stoichiometry of the complex. This ternary complex represents the first 
observation of a dual emission of TS in fluid solution in general and in aqueous CD 
solutions in particular.
E xdm er Fluorescence of TS. The Long wavelength fluorescence band observed 
for TS/y-CD/cyclohexane is thus believed to be due to the excimer fluorescence of TS, and 
is supported by several observations. Firstly, the band is observed to increase with 
increasing concentration of TS in the ternary aqueous solution. Secondly, a similar 
fluorescence band at 420 nm has been reported for two covalently linked TS molecules
[22]. Furthermore, a similar fluorescence band has also been observed in solutions 
containing trans-4-vinylstilbene (4VS) polymer at 100 mol % 4VS units, or when the TS 
chromophores were attached to polypeptides (450 nm) or polyacrylate (420 nm) [25-26]. 
For TS containing polyO-glutamate), a long wavelength fluorescence (450 nm) was
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Figure 4.5 Normalized fluorescence spectra of trans-stilbene: (1) 
in cyclohexane and (2) in the solid powder sample.
observed only in the presence of water, and was attributed to the TS excimer [25,27].
The role of water in this system was attributed to hydrophobic association of TS 
groups. In systems containing surfactants, the excimer fluorescence of TS attached to 
phospholipids has been reported [28-29]. Lastly, no excimer fluorescence of TS is 
observed when a - or P-CDX is used to replace y-CDx, thus lending more support to the 
conclusion that the band is in fact the TS excimer.
Analysis of the ternary aqueous solutions using fluorescence lifetime measurements 
shows a best fit for two components, one at 1.5 ns and the other at 6 . 8  ns (Figure 4.6). 
The data were further analyzed by use of an exponential series method (ESM) [24]. The
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ESM method is based upon performing a fit o f the decay data of fluorescence lifetime 
measurements by fixing the values of the lifetimes and varying the preexponentials. Thus, 
the procedure minimizes the Chi-square (g2) and expresses the solution of the fit as a set of 
amplitudes which are associated with the fixed exponentials for the lifetime. The equation 
for ESM is described as:
I(t) = la*  exp{-t/xk} (4.1)
where I(t) is the (7-pulse response function over a distribution function, a* the 
preexponentials over the space of the lifetime, and T* the lifetime values over the same 
space. Analysis of the lifetime data by ESM showed similar components that appear in a 
logarithmic scale of the fluorescence lifetime distribution (Figure 4.7). The narrow 
distribution of the longer lifetime correlates with the appearance of the long wavelength 
fluorescence band and is attributed to the fluorescence of the TS excimer. Similar 
observation of a long lifetime component has been reported for the covalently-linked TS 
molecules ([2.2]-4,4’-stilbenophane) at 250 K. The component was assigned to the 
excimer fluorescence o f TS [22]. The broad distribution of short lifetimes shown in Figure 
4.7 are mostly due to the logarithmic scale, which is expanded in the short region. Use of 
reliable sub-nanosecond instrumentation, however, may indicate different confirmations of 
the TS monomer in the complex, which may contribute to the broader distribution observed 
for this lifetime.
Fluorescence anisotropy (polarization) is a widely used technique for the analysis of the 
interaction of fluorescent probes with macromolecules such as cyclodextrins [30]. 
Specifically, this technique is used to determine the degree of rotation of complexes 
involving cyclodextrins. Anisotropy from emission is expressed as [16]:
r = (Iw - G ly^/A w  + 2 GIvh). (4-2)
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where Iw  and 1^  represent the observed intensities of emission when the excitation 
polarizer is oriented vertically and the emission polarizer is oriented vertically (i.e„ parallel) 
or horizontally (i.e., perpendicular). The G factor is expressed a s :
G — ( ^ )
where 1^  and are the emission intensities oriented horizontal to the excitation polarizer 
and perpendicular to the horizontal and vertical emission polarizers [16]. The anisotropy 
(r) can be related to the rotational correlation time ($) of the fluorophore using the Perrin- 
Weber equation [31]:
r</r = 1 + x/<J>, (4.4)
where rD is the anisotropy of the fluorophore in the absence of rotational diffusion and x is 
the fluorescence lifetime. Additionally, the rotational correlation time of the fluorophore is 
related to the volume of the rotating unit using the expression [16]:
<t> = Vq/RT, (4.5)
where t | is the viscosity of the medium, T the absolute temperature, and R the ideal gas 
constant. Thus, with constant viscosity and constant x, an increase in anisotropy indicates 
an increase in the size of the complex. The TS in the presence o f the ternary solution has a 
high fluorescence anisotropy (r = 0 .2 ) value relative to that in organic solution, suggesting 
to us the formation of an inclusion complex. This value indicates that the lower limit o f the 
rotational relaxation time of the complex lies on the same time scale as the fluorescence 
lifetime. A relatively high anisotropy value (r = 0.18) is observed for trans-stilbene even in 
the absence of cyclohexane, where the long-wavelength band is not observed. Thus, an 
inclusion complex is formed for TS in y-CDx in the absence of cyclohexane.
Samples of TS in aqueous solutions of a -, (3- and y-CDx or in the absence of CDs have 
similar absorption spectra. However, a red-shift of the absorption spectrum is observed in 
the ternary solution of TS/y-CD/cyclohexane (Figure 4.8). Similarly, a slight red-shift is
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Figure 4.8 A bsorption spectra of TS in  aqueous solutions o f y-CD x:
( 1 ) w ithout cyclohexane an d  (2 ) w ith cyclohexane.
also observed in the excitation spectra of these systems. Moreover, excitation of the
ternary solution at the red edge of the absorption (345 nm) resulted in the appearance of
only excimer fluorescence (Figure 4.9). This photoselection of the excimer fluorescence is
probably due to the presence of ground-state dimers. Similar photoselection of the pytene
excimer has been observed [7].
T ernary Com plex. Many studies have been reported concerning the formation of
ternary complexes of various molecules with cyclodextrins [32-33]. Ueno et al. [32] have
reported the effect of a ternary component on the fluorescence of 2 -naphthyloxyacetic acid.
Cyclohexanol was added as a cosolvent to the aqueous solutions of y-CDx with
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Figure 4.9 Fluorescence spectra  of TS in the ternary  solution with
Y-CDX and  cyclohexane: (1) excitation a t 280 nm and (2) 
excitation a t 345 nm.
2-naphthyloxyacetic acid, and as a result the fluorescence was increased. The terra
“spacer” was used to describe the cosolvent in the ternary complex and its effect was
attributed to narrowing the CD cavity [32]. It is believed that cyclohexane has a similar
effect in this system. At least two TS molecules can be included in the y-CDx cavity. In the
absence of the third component, i.e., cyclohexane, there is enough space in the y-CDx
cavity for the TS molecule to photoisomerize to its cis-isomer. Such an isomerization
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would reduce the formation of the TS excimer. Alternatively, the cyclohexane molecule 
may partition between the two TS molecules in the y-CDx cavity and thereby block the way 
for possible [2+2] photodimerization. In this manner, the cyclohexane may partition as a 
spacer TS molecules, rather than restricting the photoisomerization of TS by narrowing the 
cavity o f y-CDx.
A detailed deactivation pathway scheme of the excited singlet state of TS has been 
proposed recently [34]. Excimer fluorescence of TS has been reported also in squalene 
glass containing 0.01 M TS following irradiation at 77 K [35]. Therefore, it has been 
proposed that excimer fluorescence occurs from excimer geometries in which the two 
central double bonds are not sufficiently close to allow covalent bond formation [36]. As 
an explanation for the absence of the TS excimer in fluid solutions, it has been proposed 
that excimer fluorescence is relatively slow and does not compete with cycloaddition [36]. 
This explanation may also be applicable to this system in the absence of a ternary 
component In addition, the collapse of the excimer to a biradicaloid species at the 
pericyclic minimum [34], apparently, is considerably reduced in our system. Our 
observations suggest that the restricted volume of the complex plays an active role in 
increasing the relative fluorescence intensity of the excimer. However, it is surprising that 
no excimer is observed in the absence of the ternary component. Although such an excimer 
fluorescence is not clearly present in the binary y-CDx solution, the long wavelength region 
of the fluorescence spectrum is slightly enhanced in the presence of f-  
CDX relative to that with a-CDx (Figure 4.10). A clear enhancement of the relative 
fluorescence intensity in the excimer region is observed when the two fluorescence spectra 
of TS, one in the presence of y-CDx, and one in the presence of a-CDx, are ratioed. The 
resultant ratio spectrum (Figure 4.10, 3) resembles that of TS in the ternary solution. 
These data provide additional evidence that the emission at 420 nm is due to an inclusion
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complex of a pair o f TS molecules. Moreover, it is evident that the TS excimer can form in 
Y-CDX even in the absence of the third component. However, the fluorescence yield of the 
excimer in the absence of the third component is much lower as compared with that of the 
excimer in the presence of the third component It can be suggested then that the 
deactivation pathways of the excimer are very competitive with the excimer fluorescence in 
the absence of the third component The third component therefore, plays an active role in 
favoring the radiative pathway over other deactivation pathways of the excimer.
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Figure 4.10 Normalized fluorescence spectra of trans-stilbene in the
presence of: (1) a -C D s, (2) y - C D x, and (3) the resultant 
spectrum obtained from the dividend of the previous two 
spectra.
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ICD S tudies o f T S /y-C D /cyclohexane. To further examine the possible 
orientation of the TS molecules in the ternary complex involving y-CDx and cyclohexane, 
induced circular dichroism studies were performed. In die presence o f 10~2 M P-CDX and 
y-CDz, TS exhibits positively induced circular dichroism signals between 200-250 nm as 
well as between 250-300 nm (Figure 4.1 la). Based on the Kirkwood-Tinoco rules derived 
from the coupled-oscillator theory, the TS molecule(s) would seem to have an equatorial 
orientation with respect to the axis o f symmetry of both CDs. The ICD spectrum of TS in 
the presence of |3-CDX exhibits more fine structure than that in y-CDx. This is believed to 
be due to the TS molecule experiencing a more hydrophobic microenvironment in the 0- 
CDX cavity than in the y-CDx cavity. Furthermore, the ICD signal for TS in |3-CDX is 
slightly more enhanced (Le., higher 0) than that in yCDx, which is usually indicative of the 
formation of a stronger association complex for TS in |5-CDX as compared to y-CDx [9].
When a small amount of cyclohexane (10 pL) is added to the sample of TS/y-CDx, an 
additional region of positively induced CD is observed between 340-360 nm. The ICD 
spectrum also exhibits more fine structure for the sample containing cyclohexane. 
Furthermore, the changes observed in the ICD spectrum for the ternary system are also 
reflected in the absorbance spectra of the TS/yCDx and TSAf-CD/cyclohexane samples. 
The data indicate that the TS molecules, along with the cyclohexane molecules, are oriented 
axially within the CD cavity and this further supports the formation of a ternary complex.
Part II. Linear and Cyclic Hydrocarbons as Third 
Components.
As a test for the hypothesis of the role of the third component, similar experiments were 
performed with toluene (C6H5CHj) and xylenes (C6H4 (CH^j) as third components. One 
or two hydrogens in benzene are substituted with one or two methyl groups to give toluene 
and xylene, respectively. The 7t-clouds of benzene and the extra methyl groups increase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
172
C D
w0.5
/X
y
2
260 280 300 320 340 350
Wavelength[nm]
Figure 4.11 ICD spectra of (a) TS in 10'2 M P-CDX, (b) y-CD,, and
(c) TS in y-CD, w/cyclohexane, with corresponding 
absorbance spectra.
the volume that is needed for these solvents to form a complex with TS/y-CDx. Figure 
4.12 represents the fluorescence spectra of aqueous TS/y-CDx in the presence of each 
solvent It is evident that toluene has an effect similar to that of cyclohexane, while xylene 
does no t Apparently, the xylene is too bulky to be included into the void space of y-CDx
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after inclusion of two TS molecules or to be included between two TS molecules. A 
ternary complex of xylene with TS/yCD* cannot be ruled out completely, however. Such 
a complex may be formed in a manner which does not promote the formation of excimers.
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400
300
z  200uih-
1 0 0
o
300.00 340.00 380.00 420.00 460.00 500.00
(nm)
Figure 4.12 Steady-state fluorescence spectra of aqueous TS/y-CD,
in the presence o f (1) xylene and (2) toluene.
Noncyclic organic compounds such as ethanol, butyl alcohol, tert-butyl alcohol, and 
hexanes did not show a similar effect when used at the same volumezvolume ratio. These 
observations give some insight into the conditions required for the formation of the TS 
excimer. The use of other spectroscopic methods may provide more information 
concerning these systems.
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Fluorescence lifetime analysis of TS/y-CD/toluene shows a slight elongation of both 
decay time components, 2.2 and 9.2 ns. In these measurements the sample was excited at 
337 nm. This wavelength was previously shown via steady-state measurements to yield 
mostly the excimer fluorescence. Time-resolved measurements reveal a  higher contribution 
(80%) of the longer lifetime component at 337 nm excitation relative to that of excitation at 
297 nm (53%). Both steady-state and time-resolved fluorescence measurements suggest 
photoselection of the excimer is possible at the red edge of the absorption spectrum in the 
presence of either cyclohexane or toluene.
The equilibrium time scale of the ternary solution was also examined. A stock solution 
of TS/y-CDx was allowed to equilibrate overnight. The fluorescence spectra were acquired 
at different times after injection of cyclohexane to the TS/y-CDx stock solution. The 
buildup of the long wavelength emission with time appeared clearly. However, at least 24 
h is required for the sample to completely reach equilibrium.
SUMMARY
A dual fluorescence of TS in ternary aqueous solutions of y-CDx has been observed. 
The third component, either cyclohexane or toluene, was shown to play an active role in 
increasing the fluorescence intensity at 420 nm. The latter fluorescence is attributed to the 
excimer of TS. It is evident that cyclodextrins in the presence of third components can 
provide an unique environment for the formation of the TS excimer. This is evident from 
steady-state and time-resolved emission studies, as well as data from ICD studies o f TS in 
CDs and in CDs containing cyclohexane. The third component may act as a spacer in 
restricting the photoisomerization of the TS molecule in CDs.
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Chapter 5.
Measurement of Modified Low-Density Lipoproteins using 
Multidimensional Stopped-Flow Spectrophotometric
Techniques
INTRODUCTION TO LIPOPROTEINS AND LIPID PEROXIDATION
Lipoproteins are lipid-protein complexes that function to transport lipids (i.e., soluble 
lipids and cholesterol) in the blood stream. The general structure of a lipoprotein is that of 
a globule of lipid material surrounded by a phospholipid-based membrane with the 
hydrophilic regions oriented towards the outside (Figure 5.1) [1]. Lipoproteins are 
classified mainly by their relative densities and are hence termed very low-density 
lipoproteins (VLDLs), low-density lipoproteins (LDLs), intermediate density lipoproteins 
(ILDLs), high-density lipoproteins (HDLs), and chylomicrons. Chylomicrons are low- 
density lipoprotein particles, which serve to transport triacylglycerols (TAGs) in-vivo, 
which are triesters of glycerol containing three fatty acid units. Chylomicrons that transport 
TAGs through the lymphatic system into the blood are the lowest density lipoproteins (< 
0.93 g/cm3) because they transport the highest ratio of lipids to proteins. The very-low 
density lipoproteins (VLDLs) transport TAGs from the liver where the TAGs are 
synthesized to a form which can be utilized in-vivo. Similarly, intermediate-density 
lipoproteins ( -  1.006-1.019 g/cm3) transport TAGs in-vivo. Lastly, LDLs and HDLs 
function to transport cholesterol and cholesteryl esters in the blood stream to peripheral 
body tissues and away from these body tissues, respectively. The characteristics of the 
major classes of lipoproteins found in human plasma are summarized in Table 5.1
Because lipids are generally less dense than proteins, chylomicrons and VLDLs contain 
higher amounts of lipid than protein (i.e., 98%:2% and 90%:10%, respectively) than both 
LDLs and HDLs (75%:25% and 60%:40%, respectively). Of these major classes of 
lipoproteins, both HDLs and LDLs have received considerable attention due to their role in
177
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Figure 5.1 General structure of blood lipoproteins, illustrating the
apo-protein portion (B-100), as well as the inner and 
outer cores.
the metabolism of cholesterol. The LDL particle contains a surface composed primarily of 
a monolayer of phospholipid and unesterified cholesterol [2]. The core of the LDL particle 
contains cholesterol and cholesteryl esters, and is thus highly hydrophobic (Figure 5.1). 
The protein portion o f LDL, known as apo-protein B-100, possesses a net negative charge 
at physiological pH. The LDL particles range in diameter from 180-280 A  and have 
molecular weights on the order of 3.0 xlO6 daltons. As stated earlier, LDL transports 
cholesterol in its linolenate ester form to peripheral body tissues where it is eventually 
deesterified. In contrast, HDLs transport cholesterol in its sterate ester form (Figure 5.2) 
away from dead cells back to the liver where is can be converted to bile and eventually 
excreted [1]. Problems can arise, however, if a person has an imbalance in their HDL:LDL 
ratio in-vivo such that the LDL particles deliver more cholesterol than is needed with 
insufficient amounts o f HDL to remove the excess cholesterol [1]. Under these conditions, 
the excess cholesterol materials can become deposited in cells and arteries and lead to a
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Table 5.1 Characteristics o f  major classes of lipoproteins in human
plasma
LIPOPROTEIN MAJOR LIPIDS DENSITY (g/cm1) DIAMETER (A)
Chylomicrons Triacylglycerols (TAGs) <0.93 800-5000
VLDLs TAGs, cholesterol, 
cholesteryl esters
0.95-1.006 300-800
IDLs TAGs, cholesterol, 
cholesteryl esters
1.006-1.019 250-350
LDLs Cholesteryl esters, 
cholesterol, TAGs
1.019-1.063 180-280
HDL Cholesteryl esters, 
cholesterol
1.063-1.210 50-120
condition known as atherosclerosis, in which yellowish deposits composed o f cholesterol 
and lipid materials form within the larger arteries (i.e., the heart and brain). Thus, HDL 
and LDL are often referred to as ‘good’ and ‘bad’ cholesterol, respectively. Levels of 
cholesterol greater than 200 mg/dL have been correlated with the conditions of 
atherosclerosis. Similarly, normal levels of LDLs and HDLs have been defined as < 130 
mg/dL and > 35 mg/dL [3].
Although research concerning the correlation between cholesterol levels and heart 
disease has been conducted for over three decades, this problem has been thrust into the 
national spotlight more recently. The results of a survey conducted by the College of 
American Pathologists (CAP) in 1985 found that of 5004 clinical labs that routinely 
conducted cholesterol measurements, 47% failed to accurately measure cholesterol 
standards to within ±  5% [3-4]. Even by 1987, the CAP organization found that still -
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10% of the labs routinely performing such analysis failed to estimate cholesterol to ±  5%. 
These problems seemed to stem from the number o f different methodologies performed, 
which increased from 28 to 41 in the two-year period. Most of the labs performing
0
Linoleate: X * CH3(CH2) 4 CH=CHCH2CH=CH(CH2) 7 
Oleate : X = CH3(CH2)7CH=CH=(CH2)7 
Stearate : X= CH3(CH2)16
Palmatate: X= CH3(CH2)i 4
Figure 5.2 Common forms of cholesterol esters found in human
plasma.
cholesterol assays used a variation of a multi-step enzymatic assay [3]. Specifically, 
cholesterol in serum, plasma, or whole blood is deesterified upon interaction with 
cholesterol esterase, and then oxidized by cholesterol oxidase to form cholest-4-ene-3-one 
and hydrogen peroxide (Figure 5.3). The peroxide is then reacted with 4-aminoantipyrine 
and apehnol in the presence of a peroxidase to form a quinoneimine dye with a maximum
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absorbance at 500 nm (Figure 5.3) [5-6]. Another method employed involves a 
spectrophotometric assay based on the oxidation of cholesterol by iron (III) chloride in the 
presence of acetate and concentrated sulfuric acid to form a colored compound [7-8]. These 
methods, however, involve complicated procedures and long assay times. Moreover, the 
assays are subject to high cost due to the expensive enzymes that must be used [9]. Hie 
analysis of total cholesterol in serum is further complicated when one considers that the 
body manufactures much of its own cholesterol, thus making serum cholesterol levels 
ineffectively controlled by the diet alone. Accurate and reliable methods for cholesterol 
measurements are thus needed to detect levels in individuals with severe cardiovascular 
diseases such as hypercholesterolemia, to confirm or diagnose patterns of heart disease, 
and to monitor changes in the cholesterol levels of patients who are undergoing treatment
[10]. Furthermore, the Laboratory Standardization Panel of the National Cholesterol 
Education Program (NCEP) has recommended as a national goal for total cholesterol 
measurements that clinical laboratories should achieve an overall precision consistent with a 
coefficient of variation of < 5% [4]. Ultimately, the NCEP has mandated a goal of £  3% 
by the year 1992 [4].
L ipoprotein Peroxidation. Current research has indicated that the measurement of 
lipoproteins, specifically Low-Density Lipoproteins (LDLs) may provide a better measure 
of a person’s risk of developing cardiovascular disease than total cholesterol levels [3-4]. 
Recent studies have further indicated that LDL is highly susceptible to oxidative 
modification, which leads to accelerated rates of lipid deposition in the arteries [1 1 - 1 2 ].
It has been further suggested that oxidative modification of LDL could play an 
important role in the development of cardiovascular diseases such as atherosclerosis and in 
increased risk of heart attack [13-14]. Despite extensive evidence supporting correlation of
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Figure 5.3 Multistep enzymatic assay used for the detection o f
cholesterol in serum.
modified LDL or ‘bad’ cholesterol to cardiovascular disease, the mechanism of 
modification is not clear.
The oxidation of LDL is a lipid peroxidation process whereby polyunsaturated fatty 
acids (PUFAs) of the LDL are converted to peroxidation products [15]. Although the 
details of the LDL peroxidation process are still under review, most researchers are in 
agreement with the general scheme of lipid peroxidation outlined in Figure 5.4. The 
oxidation of LDL can be induced by substances such as endothelial cells, smooth muscle 
cells, and macrophages [13]. The oxidative modification of LDL can also be induced in- 
vitro in cell free media containing transition metals such as copper (Cu2+) and iron 
(Fe^/Fe3*) [13,16]. Initiation of the LDL peroxidation results in the abstraction o f a proton 
along the conjugated chain of the lipid system. This abstraction leads to molecular
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Figure 5.4 G eneral Scheme o f L ipid Peroxidation.
rearrangement (Figure 5.4, A), followed by the major reaction (i.e., peroxidation), which 
produces lipid peroxyl radicals (Figure 5.4, B). Further proton abstraction from the 
adjacent membrane lipid peroxyl radical results in the formation of products such as lipid 
hydroperoxides, conjugated dienes, phospatidylcholine hydroperoxides, and TBARS 
(Thiobarbituric Acid Reactive Substances) [13,16]. Similarly, 1-ascorbic acid (L-AA) in
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the presence of transition metals is believed to promote the formation of hydroxyl radicals 
through metal catalyzed oxidation (i.e., Fenton Reaction) [17-18]:
O2 '” +M e  ► O2  + Men+ ^
These radicals can then possibly react with and modify LDL particles to cause biological 
damage. The actual activity of L-AA in the presence of transition metals and LDL is still a 
source of considerable controversy, however. Other studies suggest that ascorbic add 
protects human LDL from sources of atherogenic modification, even in the presence of 
transition metals [19]. Thus, recent studies seem to suggest numerous discrepancies with 
regard to LDL peroxidation, as well as numerous oxidative pathways. Detailed discussion 
of these various oxidative stresses is, however, beyond the scope of this dissertation. For 
more information, the reader should refer to reference [2 0 ] and references therein.
Superoxide-dependent (SOD) and independent mechanisms for LDL oxidation have 
been suggested. Heinecke et al. [21] studied the oxidation of LDL by thiols and observed 
that thiols were oxidized in the presence of oxygen and metal ions, producing H20 2, 0 22* 
and hydroxy radicals. In cell-free systems, thiols were observed to modify LDL by 
reaction pathways requiring Cu2'” or Fe3*, independent of SOD. Sumuni et al. [22] studied 
copper induced sensitization of biological damage caused by superoxide radicals. The 
results were used to suggest that protein-Cu complexes are reduced by 0 2 radicals and, in 
the presence of H20 2 react to form hydroxyl radicals that impair the biological activity of 
some proteins. Lastly, Jurgens et al. studied the effect of 4-hydroxynonenal on the 
modification of human LDL [23]. Upon treatment of LDL with 4-hydroxynonenal, the 
authors observed a concentration-dependent increase of the negative charge of the LDL 
particle, evidenced by the increased electrophoretic mobility of the particle [23].
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Analysis o f  L ip id  (LDL) P ero x id a tio n . The measurement of lipid peroxidation
in biological systems has been thoroughly reviewed [24]. Most o f the analytical methods
employed have been created to take advantage of the many products liberated during the
peroxidation of LDL, and correlation of these products with the extent of LDL
modification. These methods have specifically employed UV-visible kinetic studies to
detect the formation of reaction products (i.e., conjugated dienes) at 234 nm [25], as well
as HPLC and NMR for the detection of aldehydic lipid peroxidation species [26-27].
Similarly, GC and GC-MS techniques have been developed for the detection and
quantification of lipid hydroperoxides from modified LDL [28-29]. For example,
Cominacini et al. [30] have developed a procedure for the determination of lipid
hydroperoxides in native LDL using a chemiluminescent flow-injection assay. Such
techniques are sensitive and selective, and usually are used in a complementary manner
with other procedures to confirm the presence and/or absence of reaction products.
Recknagel and Ghoshal developed a iodometric method for determination of total lipid
hydroperoxides [31]. Recently, Darrow and Organisciak [32] have developed an improved
spectrophotometric triiodide assay for analysis of lipid hydroperoxides. By monitoring the
conversion of iodide (I ) to triiodide (I3) in the presence of hydroperoxides produced from
modified LDL (eq. 5.2, 5.3), the researchers were able to quantitatively and qualitatively
monitor the extent of LDL peroxidation:
ROOH + 2H+ + 21' ----------► ROH + H20  + 12  ( 5  2)
r  + I 2  ^  V  (5.3)
The triiodide chromophore (I3‘) can be detected spectrophotometrically at 353 nm and has 
detection limits ranging from 0.2-1.0 nmol hydroperoxide [33]. This assay has recently 
received considerable attention due to the straightforwardness of the interaction (i.e., one 
mole of ROOH:one mole of I3) and its widespread reactivity with various types of
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hydroperoxides. The iodometric assay for modified LDL, along with other assays for 
modified LDL peroxidation products, have been recently reviewed [34]. The various 
techniques and products measured are summarized in Table 5.2.
Technique of Rapid Scanning Stopped-Flow (R S S F ). In this aspect of our 
research, we were interested in exploring the development of rapid scanning stopped-flow 
(RSSF) methodologies for the analysis of modified LDLs. The technique of stopped-flow 
(SF) was first developed by Chance [35], although his work was strongly encouraged by 
Roughton and Millikan [36]. Chance’s objective was to develop a rapid mixing flow 
device for the investigation of intermediates involved in enzyme reactions. The original 
developments of Chance were further developed by Gibson and Milnes [37] to incorporate 
improved instrument design. In its basic form, stopped-flow involves the rapid mixing of 
two reagents for the detection and determination of reaction products and/or intermediates. 
A scheme of a typical stopped-flow spectrophotometer is shown in Figure 5.5. The 
reagents are contained in drive syringes which are pressurized by gas from a gas cylinder 
(usually N2 gas) to simultaneously introduce equivolume amounts of reagents to a mixing 
chamber. Once in the mixing chamber, the reagents are thoroughly mixed before the start 
of observation. While older instruments contained separate mixing and observation cells, 
most modem SF instruments possess observation/mixing cells that allow rapid mixing and 
spectrophotometric/spectrofiuorimetric detection of reaction kinetics on-line. Although 
different rapid mixing designs have been employed, most commercial instruments 
incorporate some adaptation of a radial mixer/observation cell, as described by Gerischer 
and Holzwarth [38], later modified by Owens et al. [39]. The top and side view of the 
radial mixer/observation cell are shown in Figures 5.6 and 5.7, respectively. The reagents 
enter the cell separately via inlet holes in the front and rear collars of the device [39]. The 
reagents then flow into reagent channels (C) around the circumference of the cylindrical
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Table 5.2 In-Vitro M ethods used to m easure LDL Peroxidation
SPECIES MEASURED METHOD EMPLOYED
Antioxidants (Vitamin E) Liquid Chromatography (HPLC)
Polyunsaturated Fatty Acids (PUFAs) Gas Chromatography (GQ/GC-M S
Aldehydic Peroxidation Species Nuclear Magnetic Resonance (NMR) 
Thin Layer Chromatography (TLC) 
GC and HPLC
Lipid Peroxides (Specific & Total) HPLC, GC, GC-MS 
Flow-Injection Analysis (FIA) 
Chemiluminescence detection
Conjugated Dienes UV-visible spectrophotometry
Thiobarbituric Acid Reactive Substances 
(TBARS)
Spectrophotometers/Fluorescence
Modification of Apo-B-100 Protein Gel Electrophoresis 
Circular Dichroism (CD)
Amino Groups Colorimetric analysis
Fragmentation of apo B, lipoprotein SDS Electrophoresis; Fluorescence
Free Radicals Electron Spin Resonance (ESR)
Malonaldehyde Fluorescence Spectroscopy
Calcified Plaques of LDLs Magnetic Resonance Im aging
Fluorescence &Time-Resolved Emission 
Spectroscopies
Rearranged Lipids Light Scattering Techniques
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Figure 5.5 Schematic of a Stopped-Flow (SF) spectrophotometer.
body of the cell. Each channel feeds fourteen slits on the top face of the cell by use of 
angular feed tubes which have been bonded through the body of the cell (Figure 5.7) [39]. 
The slits of the cell are arranged radially around the observation tube, with introduction of 
the reagents through alternating slits. Once mixed, the SF reagents are forced down the 
observation tube (which is 2.0 cm long and 2 mm in diameter). From the 
mixing/observation cell, the reagents are received by a stopped-syringe, which is connected 
to a three-way valve. Once filling the stopped-flow syringe, the retainer of the syringe 
(Figure 5.5) activates a linear transducer that signals data collection. The entire process 
requires a few seconds, with typical reaction times on the order of milliseconds (msecs). 
The vertical orientation of SF instruments serves to minimize the formation of bubbles in 
the observation chamber, as well as to facilitate simple interfacing with other components
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Figure 5.6 Top view of the radial mixer/observation cell used in
commercial Stopped-Flow (SF) systems. Reproduced 
from ref [39].
such as the light source, monochromators, and detectors. The major emphasis in recent 
development of SF instrumentation has involved minimization of the system dead time . 
The dead time can be defined as the time elapsed between the initial injection time (to), and 
the time elapsed for the solution to be driven through the mixing chamber and into the 
observation chamber where the reaction is monitored [40]. The dead time is often 
estimated instrumentally as the volume required to fill one half the observation cell divided 
by the maximum flow velocity. Many other methods exist, however, for testing the 
performance of SF systems [41], Gibson and Milnes [37] first reported the detailed 
configuration of a high performance SF instrument- This system included automation of
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leakage of reagents in the cell. The dashed line shows 
the flow direction of the reagents .
the propulsion and manipulation of reagents, more efficient mixing chambers and improved
temperature control. These systems also allowed incorporation of data collection,
manipulation packages, and the design of different mixing systems for different detectors.
By 1972, completely automated SF systems had been developed, with many of the details
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involving instrument design fully realized. The technique has continued to evolve, with 
many variations for the analysis of rapid reaction systems. This is evidenced by a recent 
review of SF developments [42]. Most of the current focus in the area of Rapid-Scanning 
Stopped-Flow (RSSF) has involved the development of novel methods of detection. This 
research has specifically involved the development and application of single element 
detectors such as photomultiplier tubes (PMTs), photodiode arrays (PDAs), and silicon 
photodiode (SPD) arrays. Other detection devices explored include charge injection 
devices (CIDs), charge coupled devices (CCDs), microchannel plate (MCP) image 
intensifier-coupled silicon photodiode (MCP-SPD) arrays, and lens-coupled intensified 
charge-coupled devices (LCI-CCD). These solid-state detection devices provide 
responses, with spectral components formed in milliseconds (msecs) measured readily. As 
shown in Figure 5.5, the orientation of SF systems with respect to their detectors are 
usually vertical to maximize wide spectral sensitivity, large dynamic range, low noise, 
linearity of response, and sufficient stability that make them highly suitable for RSSF UV- 
visible absorbance and fluorescence spectroscopy. SF detection devices will be briefly 
discussed in the next section.
Single Element Detectors. Most commercial instruments employ PMTs for single 
element detection in RSSF. Such detectors provide high sensitivity, wide linear dynamic 
ranges, and instantaneous response. The function of PMTs has been covered in a previous 
section (Chapter 1) and will not be detailed here. Although PMTs are somewhat limited by 
the production of shot noise, time-averaging or ensemble averaging techniques can be 
employed for effective minimization of noise.
Silicon Photodiode (SPD) A rrays. The SPD arrays are charged capacitors that 
are reverse biased. When light strikes an SPD, electron holes are generated which serve to 
discharge the capacitance of the diode. During the readout process, the SPD elements are
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accessed sequentially by the multiplex switches and array shift registers. The voltage 
change on the videoline of the SPD array measures the residual capacitance of the 
photodiode. The changes produced by the SPD are then sensed by a preamplifier, 
digitized, and transmitted as data to computer memory. Because the signal accumulates 
during the time between the start pulse (i.e., when the diode is discharged) and read out, 
the signal level is dependent upon the intensity of light and the dark current. The sensitivity 
of SPD devices, however, are limited by thermal noise (1/0 and systematic noise.
Charge Injection Devices (C ID s). The CID arrays are integrating devices 
containing X-Y addressed arrays of charge storage capacitors. These devices are capable 
of storing photon-generated charges. Each element of the CID contains a pair of charge 
storage capacitors modulated by X-row and Y-column drive lines [42]. The storage 
capacitors collect thermal charge and photo-induced charge during the time in which the 
device is exposed to light. With CIDs, the video signal is produced from the capacitive 
coupling of the drive voltage to the substrate.
Charge-Coupled Devices (CCDs). The CCDs are composed of metal-insulator 
semiconductor capacitors containing conductive electrodes and a thin layer of oxide 
insulator placed on a semiconductor p-type silicon wafer. When a positive voltage is 
applied to the conductive electrode, a  charge depleted region is produced in the silicon 
layer. The formed charge-depleted potential wells serve as storage elements for thermal 
and photon generated electrons. The stored charges accumulated on the elements during 
exposure are advanced in a sequential fashion from one element to the next using high 
speed shift registers. The charges are then sent to the readout preamplifier. The CCD 
devices provide very wide dynamic ranges and very low amounts of dark noise.
Lens-Coupled Intensified Charge-Coupled Devices (LCI-CCD). The LCI- 
CCD arrays employ lens-coupled intensifier systems containing image intensifier tubes and
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a high quality floating element lens [42]. This design allows independent optimization of 
the CCD array and the intensifier tube. These systems are often used for time-resolved 
spectroscopic applications due to the variable gain and programmable pulse width and delay 
for the LCI-CCDs.
MicroChannel Plate Image Intensifier-Coupled Silicon Photodiode 
(MCP-SPD). The MCP-SPD array detectors are variable gain, gateable devices that 
contain focused microchannel plate intensifies that are connected by fiber optics to an SPD 
array. When exposed to light, a semi transparent photocathode that is fixed in front of the 
MCP emits electrons. These emitted electrons are accelerated by an applied potential across 
the space between the MCP and the photocathode. The electrons then enter the 
microchannels of the MCP and interact with the microchannels to liberate additional 
electrons. Similar to a PMT, the cascade of electrons produced in MCP-SPDs is 
accelerated toward a phosphor screen by an applied high voltage (~ 5 kV). Once struck by 
the cascade of electrons, photons are emitted. The light generated is coupled via fiber optic 
links to the individual elements of the SPD array.
Fluorescence Detection. Although most RSSF systems rely on the use of 
absorption detection, fluorescence detection is also possible. Fluorescence detection is 
more sensitive and allows for lower detection limits (factors of 100-1000). Additionally, 
fluorescence detection has a wider linear range and is inherently selective in nature due to 
the limited number of molecules which naturally fluoresce. The method can be made even 
more sensitive and selective by monitoring a mixture using an excitation wavelength where 
only the component of interest absorbs.
Data Analysis in R SSF. In RSSF, many approaches to data analysis have been 
taken. Some of the earlier methods included the application of regression methods and 
integral methods for the analysis of signal vs. time data. Regression methods involve the
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use of mathematical algorithms to obtain the best possible fit for a set of points and can be 
used for both linear and non-linear responses. Alternatively, integral methods involve the 
integration of the obtained kinetic curve over different intervals. The differences between 
the areas of the respective kinetic curves are calculated, which are proportional to analyte 
concentration.
The rapid development of kinetic analyses and data processing have paralleled that of 
electronics and computer instrumentation such that most modem RSSF systems can be 
easily interfaced to microcomputers. These systems provide improved accuracy in 
measurements. Furthermore, interfacing of RSSF systems with high-tech microcomputers 
allow complete automation of kinetic processes, which could further allow the development 
of more rapid kinetic methods.
Most RSSF methods provide multidimensional data sets in which, using absorbance as 
the detection mode, the three dimensions are absorbance, wavelength, and time. Thus, 
with respect to single-wavelength stopped-flow (SWSF), RSSF offers tremendously more 
information for a single experiment. This option further provides stronger capability for 
the determination of kinetic pathways and reaction intermediates. RSSF analysis also 
provides both qualitative and quantitative analytical methods for the assessment of kinetic 
data. From such data, the presence and/or absence of isosbestic and isoemissive points is a 
strong qualitative indicator of the involvement of transient intermediates. Additionally, the 
characteristics of the spectrum of reaction products and spectral intermediates can often be 
used to allow assignment of a chemical structure to these species [42].
More recently, quantitative analysis in RSSF methods have been greatly improved. 
While two-dimensional plots from RSSF methods can be used to elucidate qualitative 
information for kinetic systems, quantitative analysis are necessary to fully exploit these 
interactions, as well as to analyze the large amounts of data generated. The development of
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computers capable of handling and storing large amounts of data have made possible the 
use of algorithms for the analysis of multivariant absorption data [42]. These processes 
allow the user to extract information regarding the spectral characteristics o f reaction 
intermediates, as well as the rise and decay of species with a high degree of certainty. Two 
such applications include the use of robust global fitting, or global analysis, and singular 
value decomposition (SVD) programs. This discussion will include only a brief 
introduction to both processes. For a more detailed account of these procedures, the reader 
is referred to refs. [43-45] and references therein.
Global Analysis. The global analysis of data involves the simultaneous analysis of 
numerous experiments in which certain limitations have been placed on the fitting 
parameters [42]. The data obtained from RSSF experiments can be considered to be 
multiple sets of single wavelength ‘time slices’ recorded at regular wavelength intervals 
[42]. Specifically, and with respect to RSSF data, global analysis involves the 
simultaneous analysis of multiple time courses with the same rate constants but varying 
amplitudes. Such analysis procedures allow the accurate determination of poorly resolved 
or closely spaced components from a kinetic experiment
The limitations, or ‘constraints’ used in global analysis refer to the mathematical 
constraints that are imposed on the kinetic data through design of the experiments. These 
constraints are required to extract the experimental information from the ‘error surface’ of a 
data set. The error surface of a particular experiment is represented as the plot of the chi- 
square (x2) statistic along the z-axis versus all of the fitting parameters along the other axes 
[42]. For properly weighted data sets, x2 approaches unity. For poor fits of data sets, the 
value of x2 generally increases.
There are a few drawbacks to using global analysis techniques for the analysis of 
kinetic data from RSSF experiments. When analyzing large numbers of data, this process
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may not be entirely efficient and often requites the analysis of a subset of the data. 
Furthermore, for rapid kinetic systems, the technique may not adequately resolve all of the 
potential components due to the constraints imposed on the time resolution of RSSF 
experiments (1-5 msec/scan) [42].
S ingular Value Decomposition (S VD). When the data collected from a RSSF 
experiement have been digitized, this data can be represented by a matrix in which the 
columns represent the time resolved spectral data, and the rows represent the wavelengths 
of the absorbance wavelengths. In such cases, singular value decomposition (SVD) can be 
used to ‘decompose’ the data matrix. Mathematical decomposition of the data matrix 
allows one to obtain information concerning both the number of components contained in 
the system and the individual contribution of these components to the time and wavelength 
domains of the system [42]. This technique has powerful implications with respect to the 
multiwavelength data obtained from RSSF experiments because it allows one to obtain 
information regarding the number of chromophores participating in a kinetic scheme, and 
the spectral shapes and kinetic profiles of these chromophores.
For RSSF systems with multidimensional spectrophotometric detection, the raw data 
sets contain M spectra which are measured at wavelengths W. The absorbance readings 
can be arranged in a matrix as M x W, with the M spectra obtained from the rows of Y. 
The columns of the matrix Y are the response curves W that are obtained at different 
wavelengths.
The main requirement for applying SVD is that the system must follow Beer’s Law, 
that is, the absorbance at each wavelength should be a linear function of concentration. 
Thus, following Beer’s Law, for a system containing N absorbing species, the matrix Y 
can be decomposed into the product of a concentration matrix C :
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C ( M x N )  (5.4)
and a matrix representing the molar absorptivities [43]:
A (N x M) (5.5)
Due to the inherent noise present in data measurements, the representation of Y will not be 
exact Hence, the residuals can be expressed as a matrix R, which is expressed as
R = CA - Y (5.6)
For singular value decomposition (SVD), the matrix Y of measurements is decomposed 
into the product of three matrices, U, S, and V:
Y = USV (5.7)
V (M x N); U (M x W); S (N x N) (5.8)
U (M x N) is formed from eigenvectors of YY\ whereas V (N x W) is formed from 
eigenvectors of YtY. S (N X N) is considered a diagonal matrix containing singular values 
of descending order [43]. For SVD, N «  M ,W , that is, the number of components is 
much smaller than the number of measured spectra and wavelengths.
For the reduction of data using SVD, Y can be represented by USV to retain the 
information of Y and reject the noise component Thus, Y in equation 5.6 is replaced by its 
SVD to give [43]:
R = CA-USV. (5.9)
Through a series of projections and multiplication functions, eq (5.6) can be expressed as 
its noise reduced form:
R ’ = CA’ - Y’ (5.10)
with R \  C A ’, and Y* representing the reduced forms of R, CA, and Y, respectively. 
The number of columns in the original three matrices (5.8) are now reduced from W to N . 
Such operations allow 10-100 fold reductions in data, which minimizes memory
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requirements and the time necessary to analyze data. Thus, SVD algorithms offer the 
advantages of more robust analysis and increased efficiency of data analysis.
Recently, SVD-based analyses have become more widespread. Many commercial 
RSSF units utilize software packages based on both global analysis and SVD processes to 
realize the advantages of both techniques. This trend should continue, as the utility of such 
methods for data analysis in RSSF will likely increase in the near future.
General Applications of Stopped-FIow and RSSF. Since the development of 
rapid-scanning stopped-flow instrumentation, a number of interesting applications have 
been noted. Many applications of RSSF have involved the study of biological systems. 
These studies have recently been reviewed [42]. Such applications have included the study 
of enzyme-catalyzed reactions as well as that of substrate-metal ion interactions in 
metalloenzymes [42]. Bernhard and Lau [46] have studied the interaction of the serine 
protease a-Ct with N-furylacryloyl L-tryptophan methyl ester (FATME) and the ethyl ester 
(FATEE). The interaction was followed using the spectral shifts for the chromophoric N- 
furylacryloyl group. In other studies, the kinetics of a-Ct have been investigated in the 
presence of proflavin dye (X ^  ~ 444 nm). Upon binding to the a-C t enzyme, the dye 
exhibits a spectral shift of 14 nm [47].
Kinetics systems involving proteins have also been investigated. Specifically, RSSF 
experiments have been utilized by researchers to leam more about the chemistry of 
hemoproteins. Bellili et al. [48] have used RSSF to study the influence of histine residue 
on the dissociation of cyanide from ferrous (Fe2*) myoglobin. The kinetics of the 
interaction are rationalized by the formation of a ferric-cyanide complex and decomposition 
of the system to yield reduced myoglobin and HCN. Similarly, Brundri et al. [49] studied 
the effect of allosteric interactions on cyanide dissociation in hemoglobin. The results of 
these studies were used to suggest the formation of unique cyanide complexes. Other
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researchers have utilized RSSF methods to study biologically important systems such as 
electron transport [50] and catalytic mechanisms of peroxidases and catalases [51-52].
In the last decade, the utility of RSSF has been broadened by the research activity of 
groups employing the technique for analytical purposes. One of the most active groups has 
been that of D. Ferdz Bendito at the University of Cdrdoba (Spain). Her group has 
broadened the utility of RSSF methodology to include the application of the technique to 
pharmaceutical and clinical analyses. Many of these applications have been included in a 
book co-authored by Perdz Bendito [53]. Some of these applications have included the use 
of SF to determine alcohol mixtures using a sensitive kinetic enzymatic assay [54], and the 
determination of the aminoglycoside tobramycin at |ig mL*1 levels [55]. Perdz Bendito et 
al. have also evaluated the performance of stopped-flow techniques in chemiluminescence 
spectrometry [56] using the cobalt-catalyzed oxidation of luminol in the presence of H20 2. 
The group has also explored the developement and application of stopped-flow in the area 
of environmental chemistry. Specifically, the determination of carbaryl insecticide at the 
ng mL' 1 level has been achieved using SF methods [57]. Similarly, the determination of 
hypochlorite has been performed using stopped-flow chemiluminescence methods [58].
More recently, the applications of RSSF have grown to include areas such as food 
analysis, geology and agriculture, and industrial processes. In the last few years, the 
number of manuscripts involving SF methodology have increased dramatically. This is 
evident by the vastly expanded biennial reviews on kinetic methods published in Analytical 
Chemistry [59]. This trend is expected to continue as researchers attempt to find specific 
solutions to their research problems.
Part I. Measurement of LDL Peroxidation using 
Stopped-FIow and Kinetic Techniques
There have been many reports in the literature concerning the measurement of free and
total cholesterol in human blood serum samples [60-62]. Most of the techniques developed
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have involved the use of flow-injection analysis (FIA) techniques combined with 
immobilized enzymes (e.g., cholesterol oxidase and peroxidase). These techniques 
provide selective detection of peroxide species which are formed from hydrolyzed 
cholesterol esters. These techniques, although selective, require the use of large amounts 
of sample as well as expensive enzymes. Valcarcel et al. [63] utilized SF along with other 
modified FIA techniques for the determination of free and total cholesterol in serum. The 
data obtained are used to confirm that the small sample consumption and rapid analysis 
afforded by the SF methodology could be advantageous for use in modem clinical 
laboratories.
As mentioned earlier, we were interested in developing stopped-flow methods to 
analyze modified Low-Density Lipoproteins (LDL) rather than cholesterol in attempts to 
correlate LDLs to a person’s susceptibility of developing cardiovascular disease. Since 
blood lipoprotein levels, rather than cholesterol levels, have been suggested [ 1] to be a 
better indication of a person’s risk of heart disease, the detection of modified LDL using 
RSSF could provide a technique that is rapid, accurate, and ultimately less costly than 
techniques presently employed in clinical laboratories. Thus, this aspect of the dissertation 
will address research performed involving the effects of various reactive species upon the 
initiation of LDL peroxidation using multidimensional stopped-flow, along with 
spectrophotometric and spectropolarimetric techniques. Specifically, UV-visible kinetic 
techniques, along with circular dichroism (CD), are exploited to analyze the potential 
peroxidation products (e.g., conjugated dienes, lipid peroxides) obtained from incubation 
of LDL with various metals and L-ascorbic acid at various concentrations. The acquired 
data have been utilized to explore the development of a technique for the analysis of
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modified LDL using rapid-scanning multidimensional stopped-flow combined with a 
triiodide assay.
EXPERIMENTAL
Materials. Low-Density Lipoprotein (LDL) was obtained from Sigma Chemical (St. 
Louis, MO) and was concentrated and dialyzed against a mixture o f 0.15 M NaCl and 
EDTA (0.01%). Cupric chloride dihydrate (CuC12»2H20), ferrous chloride tetrahydrate 
(FeCL,«4H20), ferric chloride heptahydrate (FeCl3*7H20), and ethylenediaminetetracetic 
acid (EDTA) were obtained from Sigma ChemicaL Potassium chloride (KC1), magnesium 
chloride (MgCL), calcium chloride (CaCl2), and monosodium and disodium potassium 
phosphate (K^HPO/KH^OJ were all obtained from Sigma ChemicaL The peroxides 
used in this study (hydrogen peroxide 30% w/w, cumene hydroperoxide -  80 %, and t- 
butyl hydroperoxide, 70% aqueous solution) were all obtained from Sigma ChemicaL The 
L-ascorbic acid and potassium iodide were purchased from Sigma Chemical and 
Mallinckrodt, respectively. All of the other solvents and reagents used in this work were of 
HPLC and/or cell cultured grade (Mallinckrodt/Sigma).
Methods. A 0.5 g/L stock solution of LDL was prepared in 0.1 M phosphate 
buffered saline solution (KH,PO/NaCl) at 7.40. This solution was filtered using 
membrane filters (Nalgene). Because the LDL solution initially contained significant 
amounts of EDTA (0.01%), no additional EDTA was added. The LDL stock solution was 
diluted appropriately to obtain solutions of LDL within a linear working range (0.001- 
0.250 g/L). Aqueous stock solutions of Fe3*, Fe2*, Cu2*, Mg2*, Ca2\  and K* were 
prepared in distilled, deionzed water (10 2 M) and were diluted for use in the appropriate 
working range (0.0-1000.0 pM). Solutions of L-AA were prepared and used in excess of 
the metal concentrations (10:1). LDL was incubated with metal ions by addition of aliquots 
of the metal solution to a specified concentration of LDL (0.001-0.250 g/L). Each
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incubated sample of LDL was vortexed for 20-30 sec prior to analysis. For the UV-kinetic 
studies, both the sample and reference solutions were prepared at 3.0 mL volumes. When 
necessary, the peroxidation of incubated LDL was quenched using excess EDTA (-10'* 
M).
For the stopped-flow studies, the RSSF system was calibrated for triiodide by analysis 
of the reaction between potassium iodide (KI) and hydrogen peroxide (H20 2), cumene 
hydroperoxide, linoleic hydroperoxide and t-butyl hydroperoxides, with the KI solution 
kept in relative excess (-0.10 M). The KI and peroxide solutions were purged with dry N2 
prior to use to minimize the amount of molecular 0 2 present in the system. The reagents 
were also stored in dark reagent bottles to minimize exposure of the reagents to light. 
Excess KI was reacted against modified LDL at various times, with the formation of 
triiodide monitored at 353 nm. The molar absorptivities (£) obtained from the calibration 
curve of the peroxide/iodide reaction systems were used to estimate the concentration of 
peroxides produced from incubated LDL.
A pparatus. For the preliminary kinetic studies, a Shimadzu UV-3101 PC equipped 
with an UV-vis -NIR scanning spectrophotometer was employed. All of the preliminary 
kinetic tests were conducted for 1-4 hours by monitoring absorbance at 234 nm using 1.0 
cm pathlength cells. The cell positioner system (CPS-260) for the Shimadzu was 
maintained at 37 °C (98.6 °F). The actual temperature of the absorbance cells were 
monitored using a Bam ant 100 thermocouple thermometer. The circular dichroism spectra 
were obtained using a Jasco J-710 spectropolarimeter. The samples were contained in 
cylindrical cells of 1.0 cm pathlength. All of the CD spectra were corrected by subtraction 
of the reference spectra from the corresponding sample spectra.
The stopped-flow studies were performed using an OLIS rapid-scanning 
monochromator stopped-flow (RSM-1000) (Figure 5.8). The monochromator combines a
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Configuration o f the Rapid-Scanning Monochromator 
(RSM) and Stopped-FIow (SF) system used in this 
research. SAM and REF PMT represent the sample and 
reference photomultipliers, respectively.
system of gratings with a blaze wavelength of 300 nm (600 lines, 155 nm wavelength 
span) and a movable intermediate slit (ScanDisk) that allows rapid analysis of a chosen 
wavelength region (i.e., at 62.5 Hz) [64]. A 150 W Xenon (Xe) lamp was used as the 
light source and was powered by a standard power supply (Photon Technology 
International). The rapid mixing stopped-flow system sits atop the sample compartment 
and has a 2.0 cm (20 mM) pathlength observation cell aligned with sample and reference 
PMT tubes (Figure 5.8). The system permits collection of data at a rate of 1000 scans/sec 
with 0.7 nm resolution. The temperature of the system was maintained at 37 °C by 
circulating water through a coil placed in a water circulator, which was preset at the desired 
temperature. The data were recorded and stored on-line using a Gateway 2000-4DX2-66V
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computer with twin 2Mhz 12-bit A/D converters. Kinetic analyses were carried out using a
single value decomposition (SVD) algorithm and robust global fitting functions.
RESULTS AND DISCUSSION
M easurem ent of Conjugated Dienes. The measurement of conjugated dienes
from peroxidatively modified low-density lipoproteins has been used as a consistent
indication of the extent of lipid peroxidation. Esterbauer et al. [65] developed a useful
relationship to assist in the characterization of the kinetics of conjugated diene formation,
which has recently been employed and improved by Kleinveld et al.[25]. From this
relationship, several indices (A-E) can be used to determine the extent of LDL oxidation.
Each o f these indices have been thoroughly defined and will only be briefly mentioned
here. The typical kinetic profile of conjugated diene formation from modified LDLs
appears in Figure 5.9. Index A provides the initial absorbance value of any conjugated
diene product formed at 234 nm. Using index A along with the molar absorptivity of
conjugated dienes (eCD = 29,500 L mol' 1 cm'1) and Beer’s Law, one can estimate the initial
concentration of dienes present prior to initiation of the reaction. Index B is used to 
indicate the lag phase, or propagation phase, which is the time elapsed prior to the start of 
the peroxidation process. The maximal rate of oxidation (Index C) is calculated from the
slope o f the absorbance curve and the molar absorptivity, and is expressed in units of pmol
of LDL per min, per gram of LDL (min1 g'1). The maximum amount of dienes formed can 
also be determined using Index D, which is the maximum absorbance value for the dienes. 
Finally, the time needed to reproduce the maximal amount of diene (Index E) is taken from 
the maximal height of the kinetic profile. These indicies, particularly the lag phase (Index 
B) provide convenient and objective procedures for determining the susceptibility of LDL 
to peroxidation, and for determining the effects of pro- and antioxidants [65].
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Figure 5.9 Kinetic Profile o f Conjugated Diene formation from
modified LDLs, showing the various indices o f CD 
kinetics. A represents the initial diene absorbance; B, 
the lag phase; C, the maximal rate of diene formation; D, 
the diene maximum absorbance, and E, the time of 
maximum diene absorbance.
In attempts to study the influence of metals on the peroxidation of LDL, various 
concentrations of LDL were incubated with various concentrations of the transition metals 
used in the preliminary study of this reaction system (Cu2*, Fe2*, Fe3*). Figure 5.10 
depicts the kinetic profiles obtained from the incubation of LDL (0.05 g/L) with Cu2+ and
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Figure 5.10 Influence of Transition metals (Cu2*, Fe2*) on LDL
kinetics at 235 nm.
Fe2* (400 |iM). In the presence of Cu2*, a clear profile of the LDL kinetics is obtained, 
marked by an initial diene absorbance at 0.013 abs. units, a rise and maximum, and a 
period of decreasing absorbance after approxiamately 70-80 minutes. In this region of the 
kinetic profile, it is believed that there are less conjugated dienes present with the 
production of some other oxidation product (e.g., peroxides, aldehydic species). Hie 
profile for the Cu27LDL reaction system is observed to decrease to its original level of 
absorbance after 12 minutes. For the Fe27LDL reaction system, however, we observed no 
such kinetic profile (Figure 5.10). Upon incubation of LDL with Fe2* and Fe3*, increased 
background absorbance was observed with no significant kinetic activity. It was initially 
believed that the reaction systems with LDL and iron were proceeding faster than the
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allowed dme-scale of the instrument, accounting for the increased background. 
Preliminary studies using stopped-flow, as well as studies using smaller concentrations of 
iron, did not suggest any significant activity of Fe2* /Fie3* by this reaction pathway. Lynch 
and Frei [6 6 ] investigated the mechanisms of copper and iron dependent oxidative 
modification of human LDL. Their results were used to suggest that, for both Cu2* and 
Fe3* oxidative modification of LDL can occur in the absence of detectable amounts of 
peroxides (LOOH) in LDL, as well as in the absence of and aqeuous OH' production. 
With Fe2* however, oxidative modification, is believed to be oxygen (0 2 ) dependent, with 
lipid peroxidation initiated by iron-oxygen complexes (e.g., Fe2*02, Fe3+0 2 ‘). Thus, Fe27  
Fe3* complexes may initiate peroxidation of LDL while oxygen functions as a reductant of 
Fe3* via the Fenton reaction (eq. 5.1). Moreover, in the presence of oxygen, Fe3* may 
bind excess oxygen in serum and thus become unavailable for peroxidative modification. 
The relevance of these reaction schemes in lipid peroxidation are still, however, not clear. 
Because the Cu27LDL reaction system exhibited the most activity, these research efforts 
focused on this particular system.
Effect of Metal Concentration on LDL Kinetics. Increased concentrations of 
copper(II) were observed to decrease the time needed for maximal diene production ( t^ J .  
When comparing the t ^  values for LDL incubated with 600 pM and 400 fiM amounts of 
Cu2\  the kinetic profile of LDL is observed to reach the maximum point of diene 
absorbance close to 25 minutes less than in the presence of the lower concentration of 
copper. The uncorrected spectra also exhibit large amounts of periodicity, which could 
reveal the complex character of these reaction systems. These data allow us to suggest that 
larger concentrations of copper can be used to promote LDL peroxidation on a shorter time 
scale than had been observed in previous work [25,65]. The influence of copper(II) 
concentration on the rate of formation of conjugated dienes of LDL is depicted in Figure
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Figure 5.11 Influence of [Cu2+] on the rate of conjugated diene
formation for LDLs.
5.11. The maximum rate of diene production for LDL is observed to increase initially with
increasing Cu2* ion concentration. Specifically, with increasing [Cu2* , 100-400 mM],
diene production rates increase from 1.01 to 3.23 [imol min 'g 1. The concentration of
copper was observed to have no effect upon the maximal amount of dienes produced nor 
on the initial diene production, which is consistent with studies of LDL kinetics [21,25]. 
These data again suggest that higher concentrations of metal can be used to influence the 
production rates of dienes. Furthermore, the data show maximum diene production for
LDL/Cu2* at -  400 (iM Cu2*. Thus, this concentration of copper was used as the optimum 
concentration in this reaction system.
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Table 5.3 Typical ion concentrations in invertebrates and
vertebrates
ION CELL CONCENTRATION (mM) BLOOD CONCENTRATION (mM)
*K" 139 4
Na” 1 2 145
cr 4 116
♦Mg2" 0 . 8 1.5
*Ca2+ <0.0005 1 . 8
138 9
TX" represents proteins, which have a net negative charge at the physiological pH 
of blood and cells (pH 7.4).
* metals used in this study.
Values obtained from ref [2], p.535.
In addition to copper and iron, the influences of other metals upon the peroxidation of 
LDL were also studied. Table 5.3 shows typical ion concentrations in invertebrates and 
vertebrates [2]. It was noticed that there was a large difference in the levels of calcium
typically present in cells versus that in blood (< 0.0005 vs 1.8 p~M). Moreover, calcium
has been positively correlated to the formation of plaque materials in the development of 
atherosclerosis [67-68] These athersclerotic plaques are eventually deposited onto the walls 
of the arteries in individuals who have an antheroma, which is caused from the 
accumulation of cholesterol in the arterial intima. It was believed that calcium, similar to
employed (0.0-700 pM). For LDL in the presence of Ca2*, however, there was significant
kinetic activity at 235 nm with increasing metal concentration. Specifically, with increasing 
copper, could play a role in the promotion of LDL peroxidation. Thus, the influence of 
calcium, as well as magnesium and potassium, on the formation of conjugated dienes from 
LDL was studied. The kinetic activity (mAbs/min) of the various metalzLDL reaction
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Figure 5.12 Kinetic Activity o f metaI:LDL reaction systems at 235 
nm. The metals used were K*, Mg3* and Ca3\  The 
kinetics of the systems were followed at 37 °C (PBS, pH 
7 .0) .
systems was monitored at 235 nm. The data are summarized in Figure 5.12. For both K* 
and Mg2* no significant kinetic activity was observed over the concentration range
employed (i.e., from 0.0 to 700 jiM). For LDL in the presence of Ca2\  however, there 
was significant kinetic activity at 235 nm with increasing metal concentration. Specifically,
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Table 5.4 [Metal] vs. for the formation of conjugated dienes
from modified LDL.
[Metal] mM C u 2* (min) Ca2* (min)
10.0 125 £  9.2 100£ 9.8
50.0 95 £  6.7 75 £  8.6
100 77 £  8.3 62 £  7.4
200 71 £  6.9 51 £  5.2
300 60 £  8.2 43 £  3.2
400 55 £  3.8 39 £  2.1
500 45 £  4.2 29 £  1.8
600 33 £  6.5 13 £  2.0
with increasing calcium concentration (i.e., from 0.0 to 700 pM), the kinetic activity of 
LDLiCa2- increases and begins to level off at higher concentrations. This may identify 
concentration regions at which the lipoprotein becomes saturated with metal and denatured. 
Calcium is further shown to promote the formation of conjugated dienes more effectively 
than copper metal, depicted in Table 5.4. From Table 5.4, it can be seen that calcium 
decreases the t ^  for diene formation more strongly than copper and suggest stronger 
interaction of the metal with LDL. Experiments were then needed to confirm the structural 
modification of the lipoprotein.
C ircular Dichroism Studies. The effect of the metals upon the structure and 
confirmation of the lipoproteins was investigated using circular dichroism (CD). The 
principles and applications of CD techniques were reviewed in Chapter 1 and will not be 
detailed here. Circular dichroism offers specific advantages for the qualitative analysis of 
proteins such that the CD spectrum can be used to assess the secondary structures of 
proteins. For most proteins, barring the presence of extreme numbers of aromatic amino
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acids, the optical activity is dictated by the peptide backbone. Thus, for qualitative 
purposes, the nature of aliphatic side chains do not greatly affect the CD spectrum of a 
protein between 190-230 nm [69]. As an approximation then, the protein can be 
considered to contain a peptide backbone consisting of regions with a-helical, {3-sheet, and 
random coil confirmations [69]. Using the Wetlaufer method [69], a  semiempirical CD 
calculation can be performed to compute basic spectra of a-helix, (3-sheet, and random coil 
conformations. This method is based on the relationship between the fractional 
composition of secondary structure types for proteins (designated as xa* Zp* ^  Xr ) ^  
the CD measured at each wavelength such that [69]:
W M l = XjQaOO] + XptQfA)] + Zr[0ra ) ]  (5.5)
where [0 J , [03], and [0r] represent the measured CD of polypeptides in the respective 
confirmations indicated. With the experimental CD spectra, which are obtained through 
measurement, and the known three dimensional structures of the proteins (Xa, Xp.and Xr ). 
the values of [0 a(Z)], [0 3(X)] and [0 r(X>] can be extracted using a set of equations similar to 
equation 5.5. Hence, any qualitative changes in the CD spectrum of LDL incubated with 
metals may reveal changes induced upon the confirmation of the LDL molecule by the 
peroxidative process. Similar kinetic experiments were thus performed using CD methods.
In the presence of both copper and calcium, the CD spectra of LDL is shown to 
undergo drastic changes. This is depicted in Figure 5.13 for LDL (0.05 g/L) incubated 
with 400 |iM Ca2* at 37 °C. Prior to modification, the CD spectrum o f LDL shows two 
characteristic transitions at -  218 nm and 212 nm. These CD transitions are strongly 
characteristic of a protein with a high degree of a-helical secondary structure, as 
demonstrated by the Wedaufer method [69]. With time, these CD bands are observed to 
approach zero (i.e., decreased), with slight changes in the fine structure of the CD bands. 
Upon further inspection of the CD spectra, it appears that an isosbestic point is present in
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Figure 5.13 Time elapsed CD studies of LDL (0.05 g/L) incubated
with calcium (400 |iM) in phosphate buffered saline 
(PBS), at pH 7.4. The spectra illustrate the effect of
increasing modification on the a-helical conformation 
of LDL.
the CD spectra. Further experimentation, however, suggested no consistent trend for this 
observation. In the presence of iron (Fe27Fe^), potassium (K*), and magnesium (Mg2*), 
no such influence was observed upon the CD activity of LDL over the same time period 
(Figure 5.14). In fact, over a period of 4 hours, no effect was observed for incubation of 
LDL with these metals, consistent with the UV-kinetic studies.
The structural modification of LDL could have implications in the binding of LDL 
molecules by the LDL receptor in-vivo. The LDL receptor is a single chain glycoprotein 
consisting of 839 amino acids. A specific portion of the LDL receptor contains a sequence
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Figure 5.14 Influence of various metals on the CD signal of LDL
a t 37 °C. The molar ellipticity (6 ) was recorded at 
218 nm.
of 2 2  hydrophobic amino acids, which are believed to span the plasma membrane of the 
LDL receptor as an a-helix. Upon interaction with metals such as calcium and copper, 
LDL may be modified such that the LDL receptor is unable to effectively bind and transport 
the LDL, resulting in minimized cholesterol transport. Such interactions need to be further 
studied to make more viable conclusions. The qualitative data does demonstrate, however, 
that both calcium and copper are better initiators of LDL peroxidation by this reaction 
process than are iron, potassium, or magnesium.
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Studies involving L-Ascorbic Acid. As mentioned previously, the role of L> 
ascorbic acid (L-AA) in LDL peroxidation remains unclear. While some reports suggest 
that L-AA, in the presence of metals, promotes lipid peroxidation by production of free 
radicals via the Fenton reaction (eq. 1) [18], data from other studies suggest its role as an 
antioxidant for LDL [70]. Still, other studies have been used to suggest that the activity of 
L-AA is dependent upon different oxidative stresses, which could facilitate the formation of 
different L-AA oxidation products [17]. Thus, we were interested in using CD studies to 
investigate the effect of L-AA in our reaction systems containing metals :LDL.
The concentrations of L-AA in these experiments were maintained in excess (5:1, 10:1) 
of the transition metals used in this study (Cu2+, Ca2>). Over the experimental time period 
(0.0 to 4.0 hours) the L-AA did not appear to promote peroxidation o f LDL incubated with 
Cu2+ or Ca2*. In fact, no real effect was observed on the CD spectrum of LDL in the 
different reaction systems, suggesting that L-AA does not play a significant pro-oxidant 
role in these reaction schemes.
Stopped-Flow (SF) Studies. The technique of stopped-flow (SF), which was 
reviewed in this chapter, involves the rapid analysis (i.e., msec) of sequentially mixed 
reagents, with subsequent detection of reaction products and intermediates in real time. 
Particularly, rapid-scanning stopped-flow, which combines SF methodology with rapid 
scanning monochromators and single value decomposition (SVD) algorithm programs, 
allow rapid acquisition and kinetic analysis of complex reaction systems, making stopped- 
flow a potentially powerful tool for bioanalytical analyses. Because of these inherent 
advantages, we wished to use the information obtained in previous experiments (UV 
kinetic and CD studies) to develop a technique for rapid analysis of metal induced 
peroxidation of LDL. The problem in trying to optimize the RSSF system for the detection 
of conjugated dienes from peroxidatively modified LDL involved the many real and
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potential interferences produced in the low UV region of the spectrum. To overcome this 
problem, the triiodide detection scheme was employed for the detection of lipid peroxides. 
Lipid peroxides, like conjugated dienes, are produced from oxidative modification of LDL 
and can be quantitated by reaction of peroxides with excess, producing iodine (eq. S.2 ) and 
eventually triiodide (eq.5.3). The formation of triiodide (I3') can be monitored 
spectrophotometrically at 353 nm, and the signal can be used to calculate the concentration 
of peroxides from modified LDL. To combine this assay with the SF analysis, the OLIS 
SF system was calibrated for triiodide by monitoring reactions of various concentrations of 
hydrogen peroxide, as well as linoleic, t-butyl, and cumene hydroperoxides with excess 
potassium iodide (KI, 0.1 M). The reagent was shielded from light by using a syringe 
wrapped in foil. The KI solution was also purged with N2 gas to minimize the amount of 
dissolved 0 2 present in the sample. A typical calibration curve for the KI:H,02 system is 
shown in Figure 5.15. The reaction showed good linearity (R ^ =0.997) and excellent 
response range for the KLperoxide reaction. From the various calibration curves, the 
molar absorptivity of triiodide was calculated and averaged (e -  24, 600 M-l cm-1). The 
typical stopped-flow signal obtained allowed us to follow the pseudo first order formation 
of triiodide absorbance versus wavelength and time (Figure 5.16), which is indicated in the 
illustrated kinedc curve (Figure 5.17). The major advantage of the stopped-flow method, 
however, is the minimal amount of sample required to perform the analysis (jiL amounts of 
each reagent).
To determine the effectiveness of the SF assay, various concentrations of LDL (0.005- 
0.200 g/L) were incubated with 400 fiM Ca2+ and Cu2* at 37 °C. The metakLDL reaction 
systems were quenched after different time intervals, with the total lipid peroxides 
produced quandtated from the absorbance of the I3‘ at 353 nm. Table 5.6 contains a
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Figure 5.15 Calibration curve of the hydrogen peroxide (H2Oz):
potassium iodide reaction system (0.1 M KI) for die 
OLIS Stopped-Flow. The temperature was maintained 
at 37 #C.
a summary of the data obtained for the DF triiodide system for the detection of total lipid 
peroxides for LDL (0.05 g/L). For both calcium and copper, increased levels of peroxides 
were detected from 0.0-70.0 minutes incubation time. After this time (80-100 minutes), a 
decrease in the amount of peroxides produced from LDL was observed. This trend is
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Figure 5.16 Multidimensional plot o f triiodide formation at 353 nm
using RSSF. Reagents: 0.10 M KI vs 0.001 M H:0 :, 
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Figure 5.17 Kinetic trace of triiodide formation at 353 nm: 0.10 M
KI against 0.001 M H20 2. Curve was fitted to a first 
order rise:Y=A*[l-exp(-k.t)], with reaction rate (k ^ * 1) 
of 4.2 ms.
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Table 5.5 Detection limits o f triiodfde assay fo r various peroxides
using R apid-Scanning Stopped-Flow (RSSF).
PEROXIDE AMT. PEROXIDE (nmol)
hydrogen peroxide H 20 2 1 2  ±  0.4
t-butyl hydroperoxide (t-BuOOH) 2 0  ±. 2 . 2
cumene hydroperoxide (Cu-OOH) 33 ±  4.6
Iinoleic hydroperoxide (L-OOH) 26 + 2 . 8
Table 5.6 Detection of total lipid peroxides using stopped-flow
assay
15 3 0 50 70 1 0 0
Ca2* 0.82 2 0 . 2 44.8 8 8 . 2 73.1
Cu2+ 0.34 10.4 30.2 54.8 42.1
[Metals]: 400 pM, [LDL]: 0.05 g/L 
Values reported in nmol/mg amounts of lipoprotein
believed to indicate the time at which the reaction is depleted due to the presence of less
unbound metals in the reaction system. As with the conjugated diene production, calcium
is again observed to produce higher levels of lipid peroxides than copper at the same
concentration. These data further confirms that Ca2* has a higher affinity for reaction with
and modification of LDL than does Cu2*.
Lastly, the production rates of conjugated dienes and lipid peroxides from LDL 
incubated with both Ca2* and Cu2* were compared. Experimental results have been used 
to indicate that the ratio of formation of lipid hydroperoxides and conjugated dienes is not 
strictly 1:1 [72]. However, the increase in the formation of conjugated dienes is highly 
correlated with increased formation of lipid hydroperoxides. The formation of these 
reaction products tends to be proportionate, particularly at early stages of the reaction
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Table 5.7 Com parison of production rates o f conjugated dienes and 
peroxides vs. [LDL] with copper (Cu2*) and calcium (Ca2*)
Cu2+ Ca2+
[LDL] g/L PEROXIDES DIENES PEROXIDES DIENES
0.005 0.18 ± 0.03 0.24 + 0.03 0.28 ±  0.05 035  ±  0.18
0 . 0 1 0.31 + 0.06 0.54 + 0.08 0.60 + 0.06 0.66 ±  0.17
0 . 0 2 0.51 ± 0.07 0.83 + 0.09 0.91 ±  0.07 0.97 ±  0.16
0.03 0.52 ± 0.06 0.94 ± 0 . 1 0 1.3 + 0.06 1.4 ±  0.26
0.04 0.63 + 0.09 1 .0  + 0 . 1 1 1.5 ±  0.05 1.8 ±  0.30
0.05 0.64 + 0 . 1 0 2 . 1  + 0.13 1 .6  ±  0.13 3.5 + 0.21
0 . 1 0 0 . 6 8  + 0.08 3.1 ± 0 . 1 2 1.7 ±  0.19 4.9 + 0.18
0 . 2 0 0.70 + 0 . 1 1 3.3 ± 0.13 1.9 ±  0.14 6.2 ±  0.36
[14,72]. Thus, the formation rates of both these peroxidation products for LDL in the 
presence of Cu2* and Ca2* were determined spectrophotometrically. The rates of formation 
vs [LDL] for both reaction systems appear in Table 5.7. These data show increased 
production rates of both dienes and peroxides from LDL incubated with Ca2+ as compared 
to Cu2*. Furthermore, the data indicate higher production rates of dienes compared to lipid 
peroxides for both reaction systems involving LDL. The trends suggest proportionality 
between the production of the two species, consistent with the trends suggested in the 
literature [14, 72]. Thus, although production rates for the peroxides were lower than 
those for dienes over the same [LDL] range, both species are produced proportionately 
with increasing peroxidation, making both indices of peroxidation somewhat 
complementary. The determination of these species using stopped-flow could provide 
rapid assessment of normal and abnormal levels of lipoproteins in-vivo. Furthermore, the 
use of fluorescence detection techniques, which has already been demonstrated for other
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cholesterol [73] and hydroperoxide assays [62,74-75], could prove to be of significance in 
the development of more sensitive assays for modified LDL.
The results o f this work indicate that increased metal concentrations (100-700 pM) can 
be used to effectively decrease the lag phase of the LDL peroxidation process. Data from 
the circular dichroism studies indicate increased alteration to the a-helical secondary 
structure of LDLs with increasing modification in the presence of both calcium and copper. 
Calcium was observed to be a better initiator of LDL peroxidation than copper. Other 
metals, such as iron, magnesium, and potassium, were not observed to influence die 
peroxidation of LDL using these reaction models. Furthermore, the use of the triiodide 
assay combined with rapid-scanning stopped-flow provides reasonable sensitivity and 
selectivity for various hydroperoxides. The small sample consumption and versatility of 
SF methodology makes the technique a potentially powerful tool in the clinical assessment 
of LDL levels and susceptibility to peroxidation [76].
Part II. Spectroscopic and Kinetic Investigation of 
Indigo Carmine Dye in the Development of 
a Lipid Hydroperoxide Assay
The iodometric assay of lipid hydroperoxides has received much attention and has 
recently been reviewed [33]. This assay provides several advantages for the determination 
of lipid peroxides, including excellent sensitivity (nmol-fmol/mg protein), exact 
stoichiometry for the formadon of triiodide (I3 ) from peroxides, reactivity with various 
types of hydroperoxides liberated from complex biological systems, and strong absorbance 
at 353 nm. Although widely applicable, the iodometric assay does have some 
disadvantageous properties. The excess iodide required for this assay, for instance, is 
extremely susceptible to interfering species such as light, oxygen, and transition metals. 
These interferences have to be corrected for during the typical determination of
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hydroperoxides from incubated LDL, which makes the analysis time longer and 
cumbersome. Moreover, the absorbance region of the triiodide chromophore (X*, -353 
nm) is subject to spectral interference from other species which may absorb in the same 
region. Thus, in this research, we were interested in exploring the suitability of other 
compounds in the development of an improved assay for lipid hydroperoxides liberated 
from LDLs.
Indigo carmine (Acid blue 74, Figure 5.18) is an anionic, synthetic dye of the indigo 
group that is of great importance in the areas of industrial dying and commercial foodstuffs. 
The chromophoric structure of the dye is characterized by a single C=C linkage substituted 
by two NH groups (donor groups) and two CO groups (acceptor groups). The dye exists 
primarily in the trans conformation in the solid state, with hydrogen bonding between the 
NH and CO groups (Figure 5.18). The synthesis, chemical properties, and applications of 
indigo carmine and indigo dyes have been thoroughly reviewed [77-79]. Indigo carmine 
(IC) dye has been employed as a redox indicator in analytical chemistry, a food additive, 
and as a microscopic stain in biological studies [80-82]. The dye is specifically sensitive to 
oxidizing agents and has been investigated in kinetic studies involving oxidation by acidic 
bromate, nitrous acid, n-haloarenesulfonamidates, and chlorine and chlorine-T in acidic 
media [83-86]. However, there have been very few detailed kinetic studies involving tire 
reaction of indigo carmine dye with peroxides. This reaction system was used in the 19th 
century for examining the peroxidatic properties of blood [87-88], and has also been used 
for the kinetic determination of peroxidases [89-91]. The kinetics of the Mn(II) catalyzed 
oxidation of indigo carmine by hydrogen peroxide have also been reported [92]. Weisz et 
al. [93] studied the indigo carmine-hydrogen peroxide reaction for the detection of sulfur 
compounds using the catalytic-kinetic absorptiostat technique. Krause et al. [94-95] 
studied the catalytic influence of organic and inorganic substances on the reaction system,
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Figure 5.18 The structure  o f Indigo Carmine (IC) Dye.
however these studies were very limited in scope. Similarly, only limited spectroscopic 
characterization of the dye has been performed. Shen et al. [96] studied the optical and 
spectroelectrochemical properties of indigo carmine (IC) dye in aqueous, acidic media. The 
existence of a monomer-dimer equilibrium was found for IC dye under these conditions. 
Rashid et al. [97] studied the selectivity of indigo carmine and other fluorescent probes for 
lysosomes using structure- activity methods. Stockert and Trigoso [98] studied the 
fluorescence alkaline reduction of indigo carmine dye stained leucocyte granules. The 
authors observed that treatment of IC stained dyes with sodium borohydride resulted in 
significant fluorescence at 528 nm from the reduced leuco derivative. However, these 
studies were limited to the fluorescence of the IC dye when employed as a stain of 
biological media. Thus, our interest in this research was twofold: (1) to study the 
spectroscopic properties of IC dye in the presence of various solvents and organized media, 
and (2 ) to study the kinetics of indigo carmine dye interactions with various 
hydroperoxides using multidimensional stopped-flow spectrophotometry.
The term ‘organized m edia’ (Chapter 1) refers to a class of molecules capable of 
forming aggregates in solution that possess distinctly different microscopic properties from 
those of the bulk solvent [99]. The two forms of organized media used in this work, 
cyclodextrins (CDs) and micelles, have been demonstrated to perturb the photochemical
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and photophysical properties through host-guest interactions, reviewed in Chapter 1 [1 0 0 - 
102]. Mwalupindi et al. studied the influence of organized media on the absorption and 
fluorescence properties of the cationic dye Auramine-0 [102]. Significant enhancement in 
both the absorbance and fluorescence of the dye was observed and attributed to the 
formation of both 1:1 and 1:2 complexes of the dye with the P- /  y-CDs and micelles. 
Thus, the photochemistry of IC dye was studied in various solvents, cyclodextrins (p-, y-, 
2-hydroxypropyl (3-, and 2,6 Di-Omethyl (3-cyclodextrin) and surfactants (heaxdecyltri- 
methyl ammonium bromide [CTAB], sodium dodecyl sulfate [SDS], and polyoxyethylene- 
(23) lauryl ether [Brij 35]) to determine the effect of these different microenvironments 
upon the spectral properties of the dye. In addition, the interaction of IC dye with various 
peroxides (Figure 5.19) was performed using multidimensional stopped-flow kinetic 
techniques. The focus of these studies is to gain more insight concerning the spectral 
behavior of IC dye, as well as to determine the suitability of the dye with respect to its 
photochemical stability in organized media and its reactivity with the different peroxides. 
EXPERIMENTAL
Materials. Indigo carmine dye (90%) was obtained from Sigma Chemical CO (St. 
Louis, MO) and was used as received in the preliminary studies. For the spectroscopic 
studies, the dye was recrystallized several times from ethanol. The 3- and y-cyclodextrins 
(p- and y-CDx, respectively, were obtained from Sigma and American Maize 
Products(Hammond, IN), respectively. Both 2,6-Di-O-methyl-P-cyclodextrin and 
hydroxypropyl P-cyclodextrin (P-CDm and HPP-CDX, respectively) were obtained from 
Fluka Chemical Corporation (Ronkonkoma, NY). The surfactants sodium dodecyl sulfate 
(SDS), hexadecyltrimethyl-ammonium bromide (CTAB), and polyoxyethylene-(23)lauryl 
ether (Brij 35) were purchased from Aldrich Chemical CO (Milwaukee, WI). Hydrogen 
peroxide (30%, w/w), cumene hydroperoxide (80%), t-butyl hydroperoxide (70%), and
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Figure 5.19 Structures o f peroxides used in this research: (A)
hydrogen peroxide; (B) t-butyl hydroperoxide; (C) 
cumene hydroperoxide and (D) iinoleic hydroperoxide.
linoleic hydroperoxide were obtained from Sigma Chemical. Doubly distilled water (US
Filter) was used in the preparation of all buffers and reagents. Methanol, ethylene glycol,
dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), and glycerol were all of
HPLC and/or spectroscopic grade and were used as received.
M ethods. Appropriate amounts of solid indigo carmine dye were weighed into test
tubes and diluted with the various solvents to yield 2.0 xlO*5 M solutions. Aqueous
solutions of indigo carmine at different pH values were prepared using
\  /
c h 3
-OOH
CH3
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monosodium/disodium phosphate (NaH2P0 4/Na2HP04, pH 6 -8 ) and disodium phosphate/ 
NaOH buffer (pH 9.0-13.0). In some experiments, concentrated hydrochloric acid (HCI, 
0.5 M) was used to adjust the pH below 7. For the studies in cyclodextrins, 100 iiL 
aliquots of a 1.0 xlO' 3 M aqueous solution of dye were pipetted into test tubes. The 
appropriate volume cyclodextrin stock solutions prepared in phosphate buffer (pH 7) were 
added to achieve the desired concentration. The samples were diluted with phosphate 
buffer to achieve a final dye concentration of 2.0 xlO ' 5 M. The concentrations of the 
cyclodextrins ranged from 6.0 xlO*4 to 1.0 xlO' 2 M. For the studies in surfactants, the 
samples were prepared in a similar manner. Surfactant concentrations ranged from 1.0 
xlO*3 M to 8.0 xlO"2 M for SDS, 1.0 xlO*5 M to 5.0 xlO' 2 M for CTAB, and 1.0 xlO' 5 M to 
5.0 xlO' 2 M for Brij 35. Reference solutions were prepared containing the same 
concentrations of both CDs and surfactants as the samples. Binding constant 
determinations were performed using Benesi-Hildebrand and non-linear regression (NLR) 
graphical methods [101-102]. Quantum yield determinations were made using Parker’s 
method [103], which was presented in Chapter 2. Samples for induced circular dichroism 
studies (ICD) were prepared by pipetting 500 mL aliquots of IC dye solution in methanol 
(MeOH) into separate test tubes. The MeOH was evaporated off under N2 gas, leaving a 
thin blue residue on the walls of the test tube. Aqueous CD solutions (10 mM) were added 
to the test tubes to sequester the residue from the walls of the test tube. The samples were 
allowed to equilibrate for >24 hours. After equilibration, the samples were filtered using 
syringe membrane filters (Nalgene, 0.20 |im) and measured for CD activity.
Aqueous stock solutions of the various peroxides were prepared and diluted 
appropriately for the kinetic studies. Preliminary studies were performed using test tubes 
and manual mixing. For the stopped flow studies, the optimized pH and peroxide
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concentration ranges were used to determine the extent of reactivity of IC dye with the 
various peroxides.
Apparatus. Absorbance measurements were performed using a Shimadzu UV- 
3101 PC UV-vis-NIR scanning spectrophotometer equipped with a temperature control 
device. Measurements were made at both 25 and 37 °C. For stability studies of IC dye in 
aqueous and aqueous CD solutions, the Shimadzu single wavelength UV-kinetic program 
was used. Steady-state fluorescence measurements were performed at 25 and 37 °C using 
a Perkin Elmer LS-50 luminescence spectrometer and a SPEX model P2T 211 
spectrofluorimeter. A thermostated water circulator (VRW 1160) was used to control 
sample temperature for both fluorescence systems. Samples were measured in 1 cm2 
quartz cells using excitation and emission bandwidths of 2.0-4.0 nm. Circular dichroism 
measurements were performed using a Jasco J-710 spectropolarimeter. All CD spectra 
were recorded at room temperature (25 °C).
Stopped-Flow Apparatus. For all stopped-flow experiments, an On-Line Instrum­
ents System (OLIS) RSM 1000 (Figure 5.8) and RSM 1000F (Figure 5.20) was 
employed. The OLIS RSM 1000 and 1000F utilize a pneumatic system to deliver the 
reagents of interest from the drive syringes to the mixing chamber. For the UV-based 
detection system (RSM 1000), a 150 W Xe arc lamp is used as the light source. The 
detection pathlength is 20 mm. For the fluorescence-based system (RSM 1000F), a 450 W 
Xe arc lamp equipped with a closed-cycle cooling system was employed. An additional 
single grating monochromator was used for sample excitation, in addition to a middle-plane 
photomultiplier. The RSM (rapid-scanning monochromator) functions to collect the 
fluorescence emission from the sample. The data were recorded and stored using a 
Gateway 2000 4DX2-66V computer with twin Mhz 12-bit A/D converters. Analysis of the
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Figure  5.20 Schematic of the RSM-1000F Stopped-FIow 
fluorescence system. The dashed line represents 
the optical path  of the light source. Reproduced 
from re f  64.
kinetic data was carried out using a singular value decomposition algorithm and robust 
global fitting functions. The temperature of the drive syringe chamber of the stopped-flow 
was maintained at 37 oC using a coil immersed in a thermostated water circulator (VWR 
1160 circulator).
RESULTS AND DISCUSSION
Absorbance of IC dye in Various Solvents. The absorbance of indigo carmine 
dye is characterized by two main spectral regions, the strongly structured short wavelength 
(ntt*) region and the broad, structureless (tcjc*) long wavelength region. It was the long 
wavelength the UV region of the spectrum (Xlbs -600 nm). To further study this long
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Figure 5.21 Absorbance of IC  dye in : (1) W ater, (2) Ethylene
Glycol, (3) DMSO, (4) MeOH, and (5) DMF.
wavelength absorbance, samples of IC dye were prepared in various solvents to study the 
influence of different microenvironments upon the spectral properties of IC dye. The 
spectra of IC dye in the various solvents appear in Figure 5.21. Due to the limited 
solubility of the dye, only five solvents were employed in this study. In aqueous media, 
the long wavelength maximum appears at 609 nm. In the presence of less polar solvents 
such as DMF and DMSO, this absorbance is shifted to longer wavelength (i.e., 618 and 
623 nm, respectively). In MeOH, the absorbance maximum is blue-shifted (600 nm) 
compared to that in water. Lastly, in the presence of viscous solvents (i.e., ethylene 
glycol), the absorbance of IC dye is observed at 611 nm, slightly red-shifted from that in
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water, with a slight enhancement. These data thus indicate that the dye is sensitive to 
changes in microenvironment (i.e., polarity, hydrogen-bonding, and visousity). With 
respect to solvent polarity, the absorbance maximum of IC dye versus the Ej.(30) solvent 
polarity parameters [104] for the various solvents appear in Table S.8 .
Table 5.8 Absorbance properties of IC Dye in various solvents.
SOLVENT Er(30) (kcal/mole)* K*  (nm) v (cm 1) 6
DMF 43.8 618 16181
DMSO 45.0 623 16051
MeOH 55.1 600 16667
Ethylene Glycol 56.3 611 16393
Water 63.1 609 16420
* Er(30) values obtained from ref 104.
b v.i» estimated from wavelength value in nanometers (nm).
From the table, it appears that the absorbance of IC dye is generally blue-shifted with 
increasing solvent polarity, although the blue-shift is most dramatic in the case of MeOH. 
It is believed that the anionic IC dye may form ground state complexes with protic solvent 
molecules (e.g., MeOH), thus accounting for the dramatic blue-shift and decreased 
absorbance (Figure 5.21). MeOH and water are known to have comparable hydrogen- 
bonding characteristics based upon their respective hydrogen-bond donor (HBD) acidities 
(a=0.99 and 1.02 for MeOH and water, respectively) [105-106].
The HBD parameter has been used to support the influence of solvent effects upon the 
chemical and spectroscopic properties of many molecules. Thus, to further investigate the 
effect of hydrogen-bonding on the absorbance of IC dye, titrations were performed in 
binary watenMeOH mixtures. With increasing percentages of water (10-20%, v/v), the 
absorbance of IC dye in MeOH is red-shifted with the appearance of a shoulder at 609 nm.
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There also appears to be an apparent isosbestic point at 600 nm, which is indicative of more 
than one species present in the ground-state. With higher concentrations of water (30- 
50%, v/v), the absorbance of IC dye is further increased and shifted to longer wavelength 
(610 nm). According to the solvolytic Y scale developed by Winstein and Grunwald 
[107], the ionizing power of binary mixtures of MeOHnvater increases with increasing % 
water, i.e. from 0.0% water (Y= -1.09) to 90% water (Y = 3.28). It is thus believed that 
the dye forms solutersolvent complexes with MeOH in the ground-state. The effect of 
hydrophobicity and other nonspecific physicochemical properties on IC dye spectral 
properties will be discussed later.
The IC dye has long been used as a redox and pH indicator (pH 10-13) in analytical 
chemistry. Thus, the influence of pH on the long wavelength absorbance of IC dye was 
studied by performing a spectrophotometric titration. With decreasing pH (pH < 7), the 
long wavelength band exhibited little or no change in absorbance intensity or wavelength. 
In the presence of aqueous basic solutions (pH 7-12), the long wavelength band was 
observed to decrease (Figure 5.22) with the appearance of absorbance bands at 437 and 
730 nm. Complex ground-state equilibria for the dye at high pH are indicated by the 
presence of two apparent isosbestic points at 494 nm (not shown) and 656 nm (Figure 
5.22). Above pH 13, the absorbance of IC dye at 610 nm is virtually depleted, with 
increased absorbance from the band at 740 nm. The solution of the dye is also observed to 
change from a light indigo (pH 7) to a pale yellow color (pH 13). Although indigo carmine 
is known to form dimers, the existence of a monomer-dirner equilibrium is not expected 
under these conditions (i.e., at pH 7-13 and 2.0 xl0‘s M) [96]. Furthermore, upon 
addition of concentrated acid (0.5 M HC1), the indigo color of the dye is restored. The 
observations thus suggest an equilibrium between the divalent anion (pH 7) and the true 
anion formed through deprotonation of the N-H groups. Using spectrophotometric
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Figure 5.22 Absorbance of IC dye at various pH (pH 7.0-12.0).
titrations and Henderson-Hasselbach plots, the acidity constant (pKa) for the deprotonation 
of IC dye was estimated to be 12.4.
Fluorescence of IC Dye. Similar to the absorbance, the fluorescence of IC dye 
also reflects sensitivity to microenvironmental properties. Contrary to previously published 
reports which only focused on low wavelength emission and the formation of a reduced 
fluorescent leuco derivative [97-98], indigo carmine dye exhibits a long wavelength 
emission band upon excitation at 600 nm. To our knowledge, this is the first reported long 
wavelength emission of IC dye. The short wavelength emission observed by other
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researchers [97-98] may be the result of spectral impurities, as no mention of dye 
purification was noted in these reports. Furthermore, preliminary data from mass spectral 
analysis indicate trace impurities of the commercial product dye (90% dye content), which 
may contribute to the short wavelength emission. The uncorrected excitation and emission 
spectra of IC dye in MeOH appear in Figure S.23. The emission, although not very 
strong, is quite evident and is sensitive to solvent polarity. The fluorescence properties of 
IC dye in the various solvents appear in Table S.9. Similar to the absorbance band (600 
nm) of IC dye which is effected by solvent polarity, this long wavelength emission band 
reflects sensitivity to Iow-polarity solvents such as DMF and DMSO (Xem max 655 and 
662, respectively), and more polar solvents such as MeOH and ethylene glycol ( k ^  max 
648 and 653 nm, respectively). In water (pH 7), the dye is practically non-fluorescent (0  ^
-0.0005) with k ^  max at approxiamately 670 nm. These spectral differences are believed 
to be due to nonspecific solute:solvent interactions which may promote deactivation of the 
IC dye by non-fluorescent pathways in apolar solvents.
To further investigate the influence of these nonspecific interactions upon the spectral 
shifts of IC dye, a plot of the Stokes shift (vB) vs Ej. (30) values for the dye in the various 
solvents was prepared (Figure 5.24). The good linearity exhibited in the plot (except for 
ethylene glycol, 4) is indicative of the fact that the dielectric solute:solvent interactions are 
probably responsible for the observed solvatochromic shifts. The anamoly in the plot for 
the point representing the emission of the dye in ethylene glycol may be a result of specific 
effects of microviscosity upon IC dye emission. Dyes such as Auramine-O [102] have 
been observed to exhibit changes in their fluorescence properties with increased viscosity 
of the microenvironment. Specifically, the viscosity of the microenvironment is believed 
to restrict the torsional motion of the molecule in the excited-state, facilitating deactivation 
by fluorescence.
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Figure 5.23 Uncorrected excitation and emission o f Indigo Carmine
dye (2.0 x lO 5 M) in MeOH.
Table 5.9 Fluorescence properties o f IC dye in various solvents
SOLVENT Er(30)
(kcal/mole)
Xm max (nm) vf (cm'1) 4>r
DMF 43.8 655 15267 0.060
DMSO 45.0 662 15106 0.045
MeOH 55.1 648 15432 0.025
Ethylene Glycol 56.3 653 15314 0.030
Water 63.1 670 14926 0.005
Xem= 647 nm  
S o lven t:M eO H  
v <I>f= 0 .025
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To examine the influence of viscosity on IC dye emission, the dye was prepared in 
binary mixtures of glycerolrwater (0-60%, v/v) and ethylene glycol: water (0 - 1 0 0 %, v/v). 
In both cases, the emission intensity of IC dye was observed to increase linearly with 
increasing % of glycerol (R ^  -0.990) and ethylene glycol (R^, -  0.991) (Figure 5.25). 
The more viscous microenvironement may possibly restrict the torsional motion of IC dye 
which may occur about the C=C bond of the molecule. The emission of IC dye at -  660 
nm is enhanced by factors of 3.0 and 16, respectively, for solutions of 50% glycerol and
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Figure 5.25 The influence of glycerol and ethylene glycol:water
mixtures on the emission intensity of IC dye.
100% ethylene glycol. Thus, it appears that the dye possesses a much mote rigid
orientation in the more viscous glycerol and ethylene glycolrwater matrices.
The effect of solvent polarity upon the long wavelength emission of IC dye was also
examined in MeOH: water binary mixtures. Although the MeOH: water mixture does not
provide as wide a range of ^ (3 0 ) values as some other binary solvent systems (e.g.,
dioxane:water), this polarity scale could be applied within our limited range of solubility.
The influence of these solvents upon the fluorescence intensity of IC dye is presented in
Table 5.10.
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Table 5.10 Influence of MeOH:water mixtures upon IC dye
_________________ fluorescence intensity_________________________
% water (v/v) Er(30) (kcal/mole) RELATIVE INTENSITY km max (nm)
0 55.5 66577 648
5.0 55.8 56336 650
1 0 . 0 56.1 47465 652
2 0 . 0 56.6 36090 652
30.0 57.2 28128 656
40.0 57.8 23168 658
50.0 58.3 17923 660
60.0 59.2 14645 664
70.0 60.0 10453 6 6 6
80.0 61.0 8002 6 6 6
90.0 62.2 5422 6 6 8
1 0 0 . 0 63.1 5143 670
Since IC dye exhibits sensitivity to both polarity and viscosity, the fluorescence of the 
dye was studied in the presence of sucrose:water mixtures to examine the effect of 
relativeviscosity (tj/ tjJ  alone upon IC dye fluorescence. In sucrose:water mixtures, the 
emission intensity of the dye is observed to increase linearly with increasing r|/T| 0 (R ^ = 
0.992), thus confirming the effect of relative microviscosity upon the fluorescence of the 
dye. The emission of the dye is enhanced by a factor of 3.2 in 60% (%wt) sucrose relative 
to that in water, which is much lower than the observed enhancement in ethylene glycol 
(-16). This, again, is believed to be due to the effects of viscosity alone since increasing 
the concentration of sucrose will have a negligible effect upon the hydrophobicity of the 
microenvironment experienced by the dye. The effect of viscosity upon IC dye
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Table 5.11 Summary of spectral data of IC dye In Cyclodextrins
CD* ENH. FACTOR* 4>r K (M l)b Xm max (nm)
P-CDX 5.8 0 . 0 2 0 44 650
Y'CDX 1 .8 0.006 40 659
P-CDm 9.1 0.035 139 648
HPp-CDr 7.5 0.026 213 656
* Enhancement Factor -  Fluorescence IntensityCD/Fluorescence Intensity,.,.,. [108]. 
b Binding constant values (K, M‘l) determined using Benesi-Hildebrand plots.
fluorescence will be discussed in combination with the effects of organized media in the 
section that follows.
Spectral Properties of IC dye in Cyclodextrins (CD s). The spectral 
properties of the IC dye were studied in the presence of (3-, y-, hydroxypropyl (3-, and 
methylated |3-CDs (pH 7.0). The spectral data obtained in the presence of CDs are 
summarized in Table 5.11.
In the presence of all of the CDs, the fluorescence intensity of the IC dye is enhanced, 
most notably in the presence of the CD derivatives (|3-CDm and HP(3-CDX). This 
enhancement, and blue-shift with respect to IC emission in water (670 nm), is indicative of 
a less polar microenvironment for the dye and suggest the formation of inclusion 
complexes in which the IC dye molecules are located in the hydrophobic interior cavity of 
CD. In the presence of y-CDx, the dye exhibits less enhanced fluorescence as compared to 
the other CDs. These trends are consistent with the observed changes in the absorbance of 
IC dye in CDs.
Hinze et al. [109] have studied the relative effectiveness of different (3-cyclodextrin 
media as fluorescence enhancement agents. The authors related the effectiveness of die
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various cyclodextrin media to physicochemical properties such as solubility and viscosity. 
Both P-CDm and and HP(3-CDX, which possess microenvironments with estimated 
viscosities of 3.28 and 1.29 cP [109], respectively, are shown to enhance the relative 
fluorescence of IC dye much more than (3-CDx, which has an estimated microviscosity of 
0.982. In fact, the enhancement factors of IC dye fluorescence intensity in P-CDX, HP{3- 
CDZ, and 3-CDm are 5.8, 7.5, and 10.5, respectively, and thus correlate well with the 
corresponding internal viscosities of the different CD molecules. Auramine-O dye is 
observed to show similar fluorescent enhancement in the presence of CDs [102]. The 
results have been attributed to the increased microviscosities of the CDs compared to water.
As mentioned earlier, molecules that possess a central double bond are believed to 
undergo a photochemical isomerization. Sainsbury [110] has reviewed the spectroscopy 
and isomerism of indigo and thioindigo derivatives. These molecules are believed to 
undergo a cis-trans isomerization in the ground-state (S0). The cis-isomer for these 
molecules, however, is considered to be unstable in solution. With respect to IC dye, the 
molecule has been shown to exist in the trans-conformation in the solid state [77], 
stabilized through hydrogen-bonding of the amino and carbonyl groups. This hydrogen- 
bonding may be disrupted in solutions such as water and MeOH, where solvent molecules 
may compete with this process through intermolecular hydrogen-bonding. This interaction 
may explain the decreased emission of IC dye in these media. In hydrophobic solutions 
and viscous media (e.g., in CDs), there would be less solute:solvent interaction and 
torsional motion, respectively, resulting in enhanced fluorescence. A more detailed 
spectroscopic analysis of IC dye is required, however, before any viable conclusions can 
be reached.
The binding constants (K) were determined assuming a 1:1 stoichiometry for the 
dye:CD complex, although other stoichiometries are possible ( e.g., 2:1,1:2). The high
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
240
eEfe
200 400 600 800 14000 1000 1200
l/[ p-CDx] (M -l )
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correlation coefficients (R^ -0.999) and good degree of linearity for the 1:1 vs 2:1 plots,
however, suggest that these complexes are predominately 1:1 (Figure 5.26a,b).
The differences in the K values and emission intensities observed for IC dye in the
various CDs are due to the differences in the sizes and hydrophobicities of the CD
molecules. The y-CDt cavity, which has a diameter of -  9.5 A, would easily accommodate
the linear structure of the IC dye molecule based on size and geometrical constraints. The
dye would thus be able to pass freely in and out of the y-CDx cavity. Furthermore,
considering the size of the y-CDx cavity, it is believed that the interior of the cavity contains
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more water molecules than would the other CDs. These factors are thus believed to 
contribute to the slight enhancement and low binding constant of IC dye with y-CDx.
In contrast to y-CDx, the P-CDm and HP-0-CDx derivatives, which have -CH} and - 
CHjCH2CH2OH groups substituted for the alcoholic protons at the 2,6- and 2-positions, 
respectively, have a higher hydrogen-bonding ability with IC dye as well as with water 
molecules [111]. Thus, both of these CD derivatives are more soluble in water than both 
(3- CDX and y-CDx. The greater hydrogen-bonding ability increases the strength of 
association of IC dye with fi-CDm and HP(3-CDX compared to (5- and y-CDx.
Figure 5.27 Probable structure of the IC dye:CDx complex.
Based on the linear structure of IC dye, it seems that the molecule would be included in 
the cyclodextrin cavity, with the anionic sulfonate groups exposed to the bulk solvent 
(Figure 5.27). Such an orientation would expose a large portion of the molecule to the 
hydrophobic interior of the CD molecule, with the ionic (i.e., hydrophilic) portions 
exposed to the aqueous bulk and/or the hydrophilic primary (1°) and secondary (2 °) cavity
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
242
rims of CDs. To investigate the above possibility, induced circular dichroism (ICD) 
studies were performed. The ICD phenomenon (Chapter 1) serves as one of the most 
useful physico-chemical methods for determining the orientation of guest molecules 
included by CDs in solution [112]. For molecules with their electric transitions oriented 
axially or equatorially with respect to the CD axis of symmetry, one can expect (based on 
strength of interaction) CD induced at the absorption bands of the achiral guest molecule. 
Thus, ICD studies were performed for IC dye in the various cyclodextrins. In the presence 
of HPP~CDX, positively induced CD signals were observed for the IC dye in the vicinity of 
the absorbance (600-615 nm) band of the molecule. The data thus indicate axial orientation 
(Figure 5.28) of the molecule with respect to the HP|3-CDX axis of symmetry. In the 
presence of the other CDs, no significant ICD activity was observed, further confirming 
that these CDs form weaker association constants with IC dye than does HPP-CDX. The 
observed ICD of IC dye exhibits more vi’oronic fine structure than the corresponding 
absorbance band. Such structured bands are characteristic of the complex electric 
transitions polarized along the short and long axis of a molecule (lLa and rLb, respectively), 
which are associated with the CD phenomenon [112].
Stability of IC dye in  CDs. Cyclodextrins are known to improve the stability, 
and in some cases the photostability, of guest molecules upon the formation of inclusion 
complexes. Indigo carmine is sensitive to prolonged exposure to light. Furthermore, 
from preliminary studies of indigo carmine dye at various pHs, it was observed that the 
color of the dye faded rapidly at high pH (>  pH 1 1.0), going from a light indigo color to a 
colorless solution. The fastness properties of the dye have limited its application in the 
textile industry, for example, where photochemically stable dyes are required [77]. Thus, 
the stability of IC dye in cyclodextrins was investigated at neutral and high pH (pH 12), 
monitoring the absorbance at 610 nm versus time (8.0 hr period). The data appear in Table
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Figure 5.28 Induced circular dichroism  (ICD) of IC  dye in (a) 0.0
mM HPp-CD, and  (b) 10.0 mM HPp-CD,.
5.12. Ac neutral pH, there is minimal decomposition of the dye over the 8  hr time period.
The cyclodextrins improve the stability of the dye, most dramatically in solutions of P-CDm
and HPP*CDX. At pH 12, the stability of the dye is improved only slightly in the presence
of p- and y-CDx, whereas in aqueous solutions of p-CDm and HPp-CDx the stability is
improved by close to 50%. The data are also consistent with the binding constant values
(K) obtained for IC dye at both pH 7 and 12. The inconsistent trends observed for the IC
dye fluorescence in P-CDX under these conditions did not permit the estimation of an
accurate K value.
Spectral P roperties of IC dye in Surfactants. The absorbance and emission 
properties of the IC dye were also studied in the presence of neutral (Brij-35) and ionic
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Table 5.12 Stability of Indigo Carmine dye in Cyclodextrins at pH 7
and pH 12*
W J .  (?5.:c) PHJ2-C37 IC)
MEDIA %DECAbsv K(M-1) %DEC.Abs. KCM1)
Water 30 - 92 -
P-CDX 24 44 89 n
Y-CDX 28 40 87 4
P-CDm 15 139 62 15
HPP-CD, 8 213 52 58
♦■data collected for 8 hours monitoring the maximum absorbance in water andCDs. 
'-represents dcrease in Absorbance at 610 nm. 
n- accuarte association
(CTAB) surfactants. Surfactants, which form micelles above the CMC, are similar to 
cyclodextrins in their ability to perturb the photochemical and photophysical of above the 
cmc (0.9 mM), the dye absorbance at 610 nm is increased, with the appearance of an 
absorbance shoulder at ~ 700 nm similar to that observed at high pH. These data seem to 
indicate the formation of a charged complex between anionic IC dye and cationic CTAB
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Figure 5.29 Influence of (a) Brij-35 and (b) CTAB surfactants on
the emission intensity of IC dye (2.0 xlO'5 M).
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surfactant. The changes in the absorbance spectrum of IC dye correspond with die 
color changes observed for the dye. With increasing [CTAB], the dye is observed to go 
from indigo to light green with the formation of a precipitate. The formation of such 
dye:surfactant salts is a common occurrence and has also been observed for bromophenol 
blue and bromocrescl green dyes in the presence of 1 -carbethoxypentadecyitrimethyl 
ammonium bromide [113]. The formation of these dye-surfactant salts seems to be 
dependent upon a balance between the hydrophobic and hydrophilic properties of the 
particular dye [113].
The influence of the surfactants upon the emission of IC dye is depicted in Figure 5.29 
(a&b). The intensity of IC dye shows a strong increase initially and levels off at higher 
concentrations of Brij-35. This leveling effect indicates the formation of a complete dye- 
surfactant interaction, with subsequent deaggregation of the dye by Brij-35 surfactant. 
Under these conditions, the dye molecules are believed to be bound individually to the 
micelles. In the presence of CTAB surfactant (Figure 5.29b), the fluorescence intensity of 
the dye is increased at low concentrations of the surfactant, with a subsequent increase 
above the cmc, followed by another region of decreased fluorescence. This behavior is 
believed to be due to the formation of the insoluble dye-surfactant salts, observed by the 
increased turbidty of the samples at high [CTAB]. The anionic charges possessed by IC 
dye suggest that the dye is in close proximity to the polar head groups of CTAB, which are 
cationic. The charged attraction accounts for the decreased fluorescence, and ultimately the 
formation of the salt
In contrast to the CTAB studies, the spectral properties of IC dye were not perturbed at 
all in the presence of anionic SDS surfactant This is probably due to the charge repulsion 
between the dye and anionic surfactant head groups of SDS. In addition to micellar and 
hydrophobic effects, the surfactants also influence the spectral behavior of IC dye by
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changes in microviscosity. Both nonionic and ionic surfactants are known to higher 
viscosities than those of water, some of which have been estimated using spectroscopic 
techniques [102]. Thus, similar to CDs, interaction of IC dye with micelles also induces 
changes in the relative viscosity experienced by the molecule.
Benesi-Hildebrand plots were used to estimate the apparent formation constants for IC 
dye with Brij-35 and CTAB. Assuming a 1:1 interaction, IC dye:Brij-35 plot shows good 
linearity (0.994) and thus suggest a 1:1 interaction for this complex. Similarly, the IC 
dye:CTAB BH plot shows good linearity for a 1:1 relationship. The K values appear in 
Table 5.13.
Table 5.13 Estimated K  values for IC  d y e :su rfac tan t interactions
SURFACTANT K(M-‘) logK Rval
Brij-35 155 2.19 0.994
CTAB 280 2.45 0.990
Kinetic Studies of IC  dye. To further evaluate the suitability of the IC dye for 
use in the determination of lipid peroxides, the oxidation of the dye was studied using 
kinetic techniques. A calibration curve of IC dye indicated a wide range of linearity for the 
dye’s absorbance (Figure 5.30) Preliminary kinetic studies performed using test tube 
reactions of IC dye with hydrogen peroxide revealed that the oxidation of IC dye was 
achieved most rapidly at pH 12. Hence, this pH was chosen as the optimized pH for this 
reaction system. Similarly, different concentrations of IC dye were used in attempts to 
determine the optimized concentration for the dye:peroxide reaction systems. As a result of 
these studies, it was determined that a concentration of 2.0 xl0's M was optimum for these 
well within the linear working range of the dye (Figure 5.30).
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Figure 5.30 Calibration curve of IC  dye in water (l.OxlO ' 7 to 
1.0 x 10“* M). Estimated RT1| = 0.999.
The kinetics of the IC dye:H20 2 interaction were further studied using rapid-scanning 
stopped-flow (RSSF) methods. These data revealed a pseudo-first order decay of the long 
wavelength absorbance band of IC dye, which is attributed to the oxidation of the dye by 
peroxide radicals. The time-dependent decay of the dye is revealed in the raw data obtained 
from the stopped-flow, shown in Figure 5.31. The data were collected over a 10 sec time 
interval, at 62.5 scans/sec. The reaction system was observed to follow pseudo-first order 
kinetics at higher concentrations of H20 2 (i.e., >10' 3 M), supported by the appearance of 
the residuals observed, as well as by the the Durbin-Watson values obtained from the fit of 
the data to first order kinetics (Table 5.14). The reactivity of the dye was assessed by 
performing kinetic experiments with the various peroxides used in the previous stopped- 
flow studies (Chapter 5, Part I). Using various concentrations of each peroxide, SF 
experiments were carried out to determine the lowest concentration of peroxide producing
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Figure 5.31 Time-dependent multidimensional decay of IC  dye
(2.0 xlO' 5 M) absorbance versus H20 2 (1.0 xlO M). 
The plot shows absorbance vs wavelength vs time.
Table 5.14 Stopped-Flow kinetic da ta  of IC dye:H2O z reaction
system .
[H2OJ M (sec1) xlO 2 DURBIN-WATSON
PARAMETER
2.9 xKT1 1 .8  ±  0 . 6 2 . 2
8 . 8  xlO-4 2.0 ±  0.7 2.3
1.5 xlO’3 3.2 ±  0.7 2 . 2
2.1 x lO 3 4.5 ±  0.6 2 . 2
2 . 6  x 10*3 5.8 + 0.6 2 . 2
[Dye], 2.0 xlO'5 M at pH 12.0; Data recorded at 37 *C
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Table 5.15________Reactivity of various peroxides with indigo carmine dye
PEROXIDE CONCENTRATION (M) REACTIVITY RELATIVE TO
H,0 ,
H A 1.2 xlO' 5 -
t-butyl hydroperoxide 1.8 xlO*5 6 6
cumene hydroperoxide 2.0 xlO ' 5 60
linoleic hydroperoxide 2.1 x lO 5 57
kinetic effects with IC dye. The data are summarized in Table 5.15. The greatest kinetic 
activity was observed for IC dye in the presence of H ,02, followed by t-butyl, cumene, 
and linoleic hydroperoxides, respectively. It is believed that the peroxides oxidize or 
photobleach the indigo carmine dye under basic conditions to form noncolored reaction 
products, similar to the reaction scheme (Figure 5.32) presented by Puttaswamy et al.
[114] for the oxidation of indigo carmine by hypohalites (e.g., OCT and OBr). In these 
studies, the authors propose that the sodium hypohalites, under basic conditions, oxidized 
IC dye under pseudo-first order conditions to form a non-absorbing anthranilate derivative. 
In the case of IC dye kinetics with peroxides, it is believed that the dye is similarly oxidized 
to form the non-colored anthranilate species. Significant quantities (e.g., ~ 87 % with 
H A )  of the anthranilate product were in fact recovered from the reaction mixtures of IC 
dye with the various peroxides, precipitated from a 1% zinc sulfate solution in excess base
[114]. It also appears that the peroxide:IC dye reaction proceeds via pseudo-first order 
kinetics (i.e.„-d[IC]/dt = k[OX-][IC][OH-]x, where x < 1), whereas at lower concentra­
tions of the various peroxides, the reaction proceeds via a second order process. The levels 
of peroxides detected by the IC dye assay are somewhat reasonable when compared to the 
values obtained by using the iodometric SF assay (Table 5.16). Overall, however, the
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Figure 5.32 
Table 5.16
where X = Cl or Br
Proposed scheme of indigo carmine oxidation by 
hypohalite species under basic conditions (pH 9-11).
Comparison of SF assays for hydroperoxide detection
PEROXIDE IODO (literature) 1 IODO (RSSF) IC DYE (RSSF)
HA 1 .0 + 0 . 2 1.2 ±  0.4 36 ± 2 .0
t-butyl hydro- 19 ±  1.8 2 0  ±  2 . 2 44 ±7.1
cumene hydro- 32 ±  3.8 33 ± 4 .6 50 ± 6 .5
linoleic hydro- 25 ±  3.2 26 ±  2 . 8 73 ± 5 .2
values are reported in nmol peroxide; Iodo and IC dye represent the lodometric and 
Indigo Carmine dye assays, respectively.
“Met. Enzymol. 233 (1994), pps. 289-469;
values are much higher and hence significantly different than the levels detected with the 
standard triiodide methods and the triiodide method using RSSF. 
Compared to other assays for the determination of peroxides of biological significance, 
however, the indigo carmine dye assay has some limitations. Both the iodometric and IC
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dye RSSF methods are significantly different (> 95%, based on t-test using individual 
differences) from the literature method used. The reactivity of the dye, as well as the 
sensitivity for the various peroxides used in this study, are not on the level achieved with 
assays that employ triiodide or fluorescent reagents such as dichlorofluorescein (DCF)
[115]. Thus, to extend the utility of the IC dye assay, the kinetics of the system was 
explored using fluorescence, instead of absorbance as the detection mode for the stopped- 
flow system. As mentioned in the preceding section of this chapter, under the optimized 
kinetic conditions, the fluorescence of IC dye in water (pH 12) is somewhat weak. To 
enhance the fluorescence signal of the dye, the dye was prepared in aqueous solutions of 2 - 
hydroxypropyl-P-cyclodextrin. For fluorescence-based kinetic work, the OLIS SF 
apparatus was configured as shown in Figure 5.20. The standard scan-disk, which
Table 5.17 Detection levels of hydroperoxides using IC dye
Fluorescence
PEROXIDES CONCENTRATION7 CONCENTRATION
(IC Assay) (literature assay)*
H ,0, 31 + 2.1 25+ 1.2
t-butyl hydroperoxide 55 + 3.4 46+2.7
cumene hydroperoxide 63 + 4.1 58 ± 3 .2
linoleic hydroperoxide 84+  11.2 62+5.6
'■ values represent picomoles of peroxides detected*
Met. Enzymol. 233 (1994) PPS. 345-350.
[IC dye], 2.0 xlO5 M: [2-HPP-CDJ, 10.0 mM in 02  M NaOH/KCI buffer 
Emission monitored between 650-664 nm.
contains 16 0 . 2  mm intermediate slits was replaced with a spoke scan-disk containing 16 
1.0 mm slits. Such a disk allows the rapid collection of kinetic data as well as enhanced 
sensitivity of the weak IC dye emission signal. To assess the performance of the assay, the 
dye was reacted against the various peroxides in the fluorescence mode. The reaction rates
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dye was reacted against the various peroxides in the fluorescence mode. The reaction rates 
for the peroxide JC  dye system in aqueous 2HP- (S-CDX appear in Table 5.17 along with 
the minimum concentration of peroxide detected.
The fluorescence-based detection of IC dye does allow picomole detection of the 
various hydroperoxides. However, the levels of detection are still higher and significantly 
different (> 95%) than similar techniques in the literature (Table 5.17). As expected, the 
reaction rates (kobs l) are observed to decrease due to the presence of the cyclodextrin. 
Although the cyclodextrins bind IC dye under these conditions, the association is very 
weak and should not interfere with the kinetics of the interaction. Thus, the IC dye assay, 
although limited, does provide reasonable detection of some biologically important 
peroxides using both absorbance and fluorescence detection.
SUMMARY
In summary, we have observed significant kinetic activity of low-density lipoproteins 
(LDLs) in the presence of both copper (Cu2”) and calcium (Ca2+). Using high 
concentrations of the metals (i.e., 50-600 piM) has been demonstrated to effectively 
increase the peroxidation rates of LDLs upon incubation, confirmed by the decreased 
propagation time for conjugated diene formation. This decreased time for modification of 
LDLs, when combined with the iodometric assay, provides a reasonable system for the 
detection and quantitation of lipid peroxides using on-line stopped-flow kinetic techniques. 
Lastly, indigo carmine dye is a sensitive and effective spectroscopic probe of organized 
media such as cyclodextrins and micelles. Although limited in some respects, the 
versatility and stability offered by IC dye as a reagent for the determination of biologically 
significant peroxides using rapid-scanning stopped-flow may prove to be an attractive 
alternative to current methods for assaying lipid peroxides.
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Chapter 6.
Conclusions and Future Research
The research presented in this dissertation has generally involved the area of molecular 
spectroscopy. Specifically, the application and development of novel photoluminescent 
probes of organized media have been addressed. Due to their inherent advantages, many 
researchers have undertaken the tasks of characterizing novel and more commonly 
employed microheterogeneous systems. Methods are required that will permit qualitative 
and quantitative assessment of such media so that their utility may be fully realized. For 
such purposes, the use of spectroscopic probes has often been explored. The interactions 
involved in host:guest chemistry form the basis of molecular recognition and can be used to 
create models of complex biological and chemical binding mechanisms, as well as to create 
novel supramolecular structures possessing specific photochemical properties. These 
spectroscopic studies were extended in the second part of this dissertation to include the 
investigation of metal-induced peroxidation of iow-density lipoproteins (LDLs). In this 
research, the development of spectroscopic assays for the detection of modified LDL 
peroxidation products was addressed. The development of improved assays for 
lipoproteins could eventually be used to provide a more accurate and reliable index of a 
person’s susceptibility to specific forms of cardiovascular disease. The remaining section 
of this dissertation will be used to briefly summarize the forementioned research, as well as 
to present and discuss some of the more pertinent future concerns regarding these areas of 
research.
In Chapter 1 of this dissertation, the chemical and physical structures of cyclodextrins 
(CDs) and surfactants were reviewed along with their practical applications in chemical and 
industrial research. Similarly, the theoretical and instrumental aspects of molecular 
spectroscopy were presented along with the application of such methods (UV-absorbance,
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fluorescence, circular dichroism) in the study of hostrguest interactions. The last sections 
of Chapter 1 were used to introduce the photochemical concepts of excited-state inter- and 
intramolecular proton transfer (ESIgPT and ESI^PT, respectively) and photoisomerization, 
and the utility of molecules which undergo these processes as molecular probes. This 
chapter formed the foundation for the research presented in subsequent chapters.
Chapter 2 concerned the spectroscopic analysis of the novel ESI„PT molecule 10- 
hydroxybenzo[h]quinoline (HBQ) in organized media. The pyridinic nitrogen and phenol 
group of HBQ are arranged relative to each other so as to promote strong intramolecular 
hydrogen-bonding in the excited-state, resulting in the formation of a keto-tautomer that has 
a large Stokes-shifted emission. Of the ESIJ7T molecules studied, HBQ possesses one of 
the largest reported Stokes-shifted emissions (X ^  ~610 nm) [1], In the presence of 
aqueous solutions of CDs and micelles, the tautomer emission of HBQ is enhanced. The 
molecule also exhibits sensitivity to changes in the polarity of its local microenvironment. 
With respect to organized media, the observed spectral behavior may be attributed to 
provision of a more favorable microenvironment that reduces the rate of radiationless 
transitions of the keto-tautomer. Furthermore, the hydrophobic CD cavity would serve to 
minimize the effects of solutersolvent interactions (e.g., static/dynamic quenching, 
intermolecular hydrogen-bonding) that could possibly occur in the aqueous bulk phase. 
The observed enhanced emission of HBQ could have future application in improving the 
photochemical stability of HBQ as a potential agent in radiation hard scintillators. 
Moreover, the ability of the molecule to depict changes in the microenvironment of 
organized media suggests its potential application as a probe of such microheterogeneous 
media.
The influences of organized media upon ESI^PT and ESI^PT were further explored in 
Chapter 3. Specifically, the influence of cyclodextrins upon the ground and excited-state
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structural orientations o f 2-(2-hydroxyphenyl)benzazoles was investigated. Unlike HBQ, 
the photophysical behavior of the HBAs are shown to be different in polar, protic solvents 
as compared to that observed in aprotic, nonpolar media, resulting in the formation of 
different emitting forms (e.g., neutral, anion, cation, and tautomers). Thus, the spectral 
behavior of HBAs in these different environments provides evidence for complex excited- 
state proton transfer (ESPT) equilibria. In addition, the formation of different rotameric 
keto and zwitterionic HBA tautomers has also been proposed in the literature [2-3]. Thus, 
the focus of this study was to investigate the possible existence of different rotamers of the 
HBAs in the ground (SJ  and excited (Sx) electronic states, as well as the effects of CDs on 
the ground and excited-state acidities of the molecules.
From the results obtained, it appears that the interactions of HBAs with cyclodextrins 
are dictated by the structural orientation of the molecules as well as intermolecular/intra- 
molecular hydrogen-bonding. The absorbance data seem to indicate that the HBA 
molecules are more soluble in 2,6-Di-O-raethyl-P-cyclodextrin and (3-cyclodextrin than in 
both a -  and y-cyclodextrins. The induced circular dichroism (ICD) spectra can be best 
explained if the molecules are considered to be axially oriented in the CD cavity with the 
benzazole group protruding forward. Cyclodextrins, through hostrguest interactions, 
increase both the ground and excited-state acidities of the phenolic protons for HBT and 
HBI, but in the case of HBO they increase the ground-state acidities but reduce the acidities 
in the excited-state. The estimated pK, values and association constants clearly show that 
HBO has a planar structure, whereas with HBI and HBT the phenyl group is twisted [4]. 
Additionally, the ESIraPT of HBI was studied using absorbance, steady-state and time- 
resolved emission spectroscopies in various CDs. From analysis of these data, it seems 
that the HBI:CD interactions are dictated by competing inter- and intramolecular hydrogen- 
bonding interactions. The intermolecular interactions appear to weaken intramolecular
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hydrogen bonding in HBI and facilitate the formation of strong intermolecular hydrogen 
bonds with the various cyclodextrins and solvent molecules. HBI also exhibits excellent 
sensitivity to microenvironmental effects, as observed through the spectral shifts and 
increased lifetime of the tautomer emission in the presence of CDs and binary solvent 
mixtures [5]. Based upon the observed spectral data, it is further believed that HBI, as 
well as the other HBA molecules, exist as intermediate polar structures in the presence of 
cyclodextrins.
The research presented in Chapter 4  concerned the formation and analysis of novel 
organized assemblies. Agbaria and Gill [6 ] first observed the formation of extended linear 
aggregates of 2,5-diphenyloxazole with ycyclodextrin (y-CDx). These extended linear 
aggregates are polymers formed by non-covalent interactions between the guest molecule 
and the CD host molecules. In attempts to study the role of heteroatoms of guest molecules 
in stabilizing these linear aggregates, the interaction of trans-stilbene with y-CDx was 
investigated. During these studies, a dual fluorescence of trans-stilbene in ternary aqueous 
solutions of y-CDx was observed [6 ]. The third component, either cyclohexane or toluene, 
was shown to play an active role in increasing the fluorescence intensity at 420 nm. The 
latter fluorescence is attributed to the excimer fluorescence of trans-stilbene. This dual 
fluorescence is not observed to an appreciable extent in the absence of cyclohexane or 
toluene, where only monomer fluorescence is observed. The observations from the 
fluorescence, absorbance, and induced circular dichroism (ICD) data are interpreted in 
terms of spatial and screening restrictions on the TS photoisomerization and cycloaddition. 
The ternary components are believed to induce restrictions by co-inclusion into the 
cyclodextrin cavity. As a result, the formation of the cis-isomer upon irradiation is 
reduced, with increased yield of the TS excimer. Thus, the third component may act as a 
spacer in restricting the photoisomerization of trans-stilbene, or as a spacer between the
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double bonds of adjacent TS molecules. This is the first reported excimer of TS in fluid or 
aqueous cyclodextrin solutions which does not involve covalently linked or severely 
constrained trans-stilbene molecules [6 ]. This research provides further evidence for the 
formation of extended linear assemblies of trans-stilbene in y-cyclodextrin with 
cyclohexane and toluene.
The use of organized media could extend the utility of photochemically significant 
molecules in the future. The future research applications of ESI^PT molecules, for 
example, will include the development of intramolecular proton lasers. ESI^PT molecules 
such as HBQ and HBAs offer distinct advantages for use as molecular lasers such as (i) 
allowing the elimination of intricate and expensive lasing equipment and materials, (ii) the 
rapid rate of tautomerization, which minimizes the effects of diffusion in solution, and (iii) 
the relatively decent quantum efficiencies obtained for the keto-tautomerization. The use of 
organized media, as demonstrated for HBQ, could be used to enhance the quantum 
efficiencies of ESl^PT molecules. Furthermore, the ability of CDs and micelles to form 
inclusion complexes with guest molecules often serves to increase the photochemical 
stability and solubility of guest molecules. Such considerations are important for the 
development of aqueous lasing systems, which is currently being addressed by various 
researchers in the Armed Forces.
The use of novel organized assemblies such as the ESI^PTiCD and trans-stilbene:CD 
ternary systems may also spark interest in the future development of supramolecular 
structures that can serve as molecular sensors and molecular electronic devices. These 
complexes may serve as the building blocks for the development of other novel molecular 
assemblies that can be activated by external stimuli. Recently, Jenekhe et al. at the 
University of Rochester in New York have developed a hydroxylated poly- 
(benzodithiazole) derivative from monomers of 2-(2’hydroxyphenyl)benzothiazole (HBT).
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This polymer appears to be stimulated by electricity to undergo an “electrically generated 
intramolecular proton transfer'’ (EGIPT) to produce electroluminescence [7]. More 
recently, researchers in our laboratory have demonstrated that the size and length of 
molecular aggregates can be dictated by choice of the guest molecule [8]. Innovative 
developments such as this one may result in the formation of novel electroluminescent 
materials that have capabilities far greater than any in present use.
The second aspect of this dissertation research has concerned low-density lipoproteins 
(LDLs) and was presented in Chapter 5. Recent studies have indicated that in-vivo 
oxidative modification of LDLs leads to accelerated rates of lipid deposition in the larger 
arteries (i.e., the heart and brain), and could play a role in the development of 
cardiovascular diseases such as atherosclerosis. Analytical research efforts in this area 
have concerned the development of rapid techniques that provide mechanistic information 
as well as specific quantitative detection of LDL peroxidation products. In attempts to 
address these problems, we have explored the development of a rapid analytical assay for 
modified LDL peroxidation using multidimensional stopped-flow spectrophotometric 
techniques. Various metals have been used along with other reagents to test the influence 
of these reactive species upon the LDL peroxidation process.
Significant kinetic activity of low-density lipoproteins was observed in the presence of 
copper and calcium (Cu2* and Ca2*, respectively). Higher concentrations of the metals 
have been shown to effectively increase the peroxidation rates of LDL upon incubation, 
thus decreasing the propagation times for the formation of conjugated dienes of the LDLs
[9]. Furthermore, the increased rate of modification combined with a triiodide assay have 
been utilized to detect and quantitate the formation of lipid peroxides using on-line stopped- 
flow kinetic techniques. Using such methods has resulted in decreased analysis times (30- 
90 min) for the detection and quantitation of lipid peroxides from modified LDL, with less
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sample consumption as compared to continuous flow methods. This research was further 
extended to include the development of an improved spectrophotometric assay for lipid 
peroxides using stopped-flow. In attempts to overcome the inherent limitations of the 
triiodide assay (e.g., sensitivity to light, reactivity), indigo carmine dye was used as a 
reagent in a spectrophotometric assay for lipid peroxides. Although not as reactive for 
some hydroperoxides as triiodide, the long wavelength absorbance/fluorescence of the dye, 
combined with its stability and selective reactivity with oxidizing agents make it an 
attractive alternative and/or complement to the iodotnetric method. This assay could 
potentially provide the necessary levels of accuracy required when measuring modified 
LDL levels in serum. Lastly, the first reported long-wavelength emission of indigo 
carmine dye exhibits good sensitivity to changes in viscosity and hydrophobicity of its local 
microenvironment. These spectral properties make the dye an effective probe of organized 
media.
Future research concerning the problems of measuring LDL levels in serum and in 
assessing a person’s susceptibility to cardiovascular disease will continue to receive a 
tremendous amount of attention. Interest in this research has been triggered exclusively by 
alarming statistics which indicate that cardiovascular disease (CVD) is the major cause of 
death in the United States, with approximately 500,000 individuals dying annually from 
some form of CVD. While organizations such as the American Heart Association and the 
National Institute of Health (NIH) have been instrumental in educating the public 
concerning various aspects of CVD, researchers in various fields of science will have to 
work collectively and diligendy to address this complex problem. The development of in- 
vitro methods for serum analysis alone will not be significant unless equal efforts are made 
to probe the pathologic process of CVD. Thus, in addition to developing and applying 
novel assays for lipoproteins and lipoprotein peroxidation products, many researchers have
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explored methods concerning the structural analysis of human atherosclerotic plaques. Hie 
analysis of plaque formation, which has been correlated to increased modification of LDLs, 
may provide important information concerning the composition of these materials and the 
conditions under which they are formed. Anderson-Engels et aL [10] have demonstrated 
the use of time-resolved laser-induced fluorescence spectroscopy for enhanced demarcation 
of human atherosclerotic plaques. Using a frequency-doubled mode-locked and cavity- 
dumped continuous wave dye laser, the authors were able to discriminate between 
atherosclerotic and normal vessel wall in-vitro. Recently, Dean et al. [11], as well as 
pharmacists at the University of Kentucky have begun to pioneer the in-vivo and in-vitro 
structural analysis of atherosclerotic plaques using various spectroscopic techniques. 
These efforts should provide a strong foundation for future research in this area. 
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